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ABSTRACT
SPATIAL ECOLOGY OF BLACK BEARS (URSUS AMERICANUS) IN
NEWFOUNDLAND, CANADA
FEBRUARY 2017
NATHANIEL DEIGNAN RAYL
B.A., HAVERFORD COLLEGE
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
PH.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by Professor Todd K. Fuller and Associate Professor John F. Organ
Although black bears (Ursus americanus) are among the most studied mammals
in the world, little is known about their ecology in Newfoundland, Canada. I investigated
the spatial ecology of black bears on the island, focusing on unusual movements during
the denning period and their role as caribou (Rangifer tarandus) calf predators.
I investigated the influence of climatic conditions (rainfall) and anthropogenic
disturbance on the rate of den abandonment for black bears in Newfoundland, a
population with an unusually high rate of abandonment given its northern latitude. I
found no evidence that rainfall or anthropogenic disturbance played a role in den
abandonment. My results may provide preliminary background rates of den abandonment
for a northern and relatively remote ecosystem, with which to assess future change.
I examined black bear predation of caribou neonates using long-term mortality
and location data from 21 bears and 308 caribou. I investigated the influence of
landscape features on calf vulnerability, evaluated if bears actively hunted calves, and
assessed the impact of changes in the abundance and vulnerability of calves on the
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foraging strategy of bears. I found that landscape heterogeneity influenced calf
vulnerability, and that bears selected areas where they were most likely to kill or
encounter calves. Initially, daily kill rates varied with calf abundance in a type-I
functional response, but, as calf vulnerability declined, kill rates dissociated from
abundance. Bears adjusted their foraging strategy based upon the efficiency with which
they could catch calves, highlighting the influence of predation phenology on predator
space use.
Most bear predation of calves occurs when caribou are aggregated on calving
grounds. Some bears visit calving grounds (visitors), and thus have opportunities to prey
on calves, whereas others do not (non-visitors). I evaluated differences in resource
selection patterns between 4 visitor and 2 non-visitor populations (56 bears). Visitors
showed stronger selection than non-visitors for local-scale landscape features associated
with increased mortality risk for calves, but selection patterns were not entirely consistent
among visitors and non-visitors. At the landscape-scale, most visitors displaying stronger
selection than non-visitors for open landscape features associated with an increased
probability of encountering caribou calves.
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PREFACE
This dissertation is comprised of four chapters, the first three of which have been
published or will be submitted to peer-reviewed scientific journals. Each chapter is
therefore written as a stand-alone manuscript in the style of the relevant journal, and I am
the first author on each of these manuscripts. All of my research has been achieved
through the collective effort of many individuals; therefore, I have used the personal
pronoun “we” where appropriate throughout this dissertation.
In Chapter 1, I examined the influence of climatic conditions (rainfall) and
anthropogenic disturbance on the rate of den abandonment for black bears in
Newfoundland, a population with an unusually high rate of abandonment given its
northern latitude (Rayl, N.D., T.K. Fuller, J.F. Organ, J.E. McDonald, Jr., R.D. Otto, and
S.P. Mahoney. 2014. Den abandonment and transitional day bed use by black bears
Ursus americanus in Newfoundland. Wildlife Biology 20:222–228).
In Chapter 2, I assessed the complex decisions predators make when searching for
prey by integrating models of caribou calf survival, spatially and temporally dynamic
resource distributions, and resource selection functions (RSFs) of black bears during
calving (Rayl, N.D., G. Bastille-Rousseau, J.F. Organ, M.A. Mumma, S.P. Mahoney,
C.E. Soulliere, K.P. Lewis, R.D. Otto, D.L. Murray, L.P. Waits, and T.K. Fuller. In
preparation. Spatiotemporal heterogeneity in prey abundance and vulnerability shapes the
foraging decisions of an omnivore).
In Chapter 3, I examined the variation in habitat selection patterns of black bears
across 3 study areas in Newfoundland, in areas with and without access to caribou calves
(Rayl, N.D., T.K. Fuller, J.F. Organ, R.D. Otto, and S.P. Mahoney. In preparation.
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Variable resource selection patterns of black bears in areas with and without access to
caribou calves on the island of Newfoundland, Canada).
In Chapter 4, I summarize the key findings of all chapters and synthesize them
into common conclusions.
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CHAPTER 1
DEN ABANDONMENT AND TRANSITIONAL DAY BED USE BY BLACK
BEARS URSUS AMERICANUS IN NEWFOUNDLAND
Abstract
The use of day beds for extended periods during the transition into and out of the
physiological state of hibernation has been documented in many bear populations, but has
never been quantified. Additionally, den abandonment by black bears Ursus americanus
has rarely been observed at northern latitudes except after den visits by researchers. In 3
areas on the northern island of Newfoundland, where male and female black bears spent
an average of 158 and 178 d denning, respectively, we identified den sites and extendeduse day beds (occupied continuously for 6-26 d) remotely using GPS collars, and here
provide the first systematic description of the use of these day beds by bears. We
documented den abandonment in 6 (9%; 3 F, 3 M) of 67 bear-winters (6 [14%] of 44
radio-collared bears) and the use of extended-use transitional day beds in 16 (24%) of 67
bear-winters (15 [34%] of 44 radio-collared bears, 8 F, 7 M). In 5 of 10 instances bears
left their fall day beds on days with > 15 mm of rain (mean = 28.2 mm, range = 15.6-63.6
mm), which was more than would be expected by chance (p < 0.01). We had more than 1
year of denning data for 17 bears, 6 (35%) of which reused den sites in different years.
Further, we observed some bears using day bed and den sites interchangeably. Though
we hypothesized that environmental (flooding) or anthropogenic disturbance (researcher-,
forestry-related, or recreational) may have played a role in den abandonment, we found
no such relationships, nor was there a difference in the rate of abandonment or day bed
use between male and female bears. We could not assess the effects of microhabitat
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attributes, condition, or reproductive status, but acknowledge that these factors may have
played a role in den changes.
Introduction
Hibernation is an energy-conserving adaptation of some mammals believed to
have evolved as a strategy to cope with periods of food scarcity and severe weather in
winter (Humphries et al. 2003). While hibernating, bears reduce their body temperature
(Hellgren 1998, Hissa et al. 1998), lower their heart-rate (Nelson et al. 1983, Tøien et al.
2011), and slow their metabolism (Tøien et al. 2011) to reduce energy requirements. Bear
hibernation and denning have been distinguished, with hibernation being characterized as
the physiological adaptation that allows bears to survive long periods without food or
water, and denning as the physical act of reducing mobility and remaining in a sheltered
place (Nelson and Beck 1984, Schwartz et al. 2003). For bears, the availability of food
resources in the fall may dictate the timing of den entrance (Van Daele et al. 1990,
Schooley et al. 1994), whereas emergence dates may be related to spring snowmelt or
increasing temperatures (Schooley et al. 1994, Mcloughlin et al. 2002, Manchi and
Swenson 2005).
Bears typically remain in one den throughout the hibernation period (e.g., Pelton
2003, Schwartz et al. 2003), but den abandonment has been recorded in brown Ursus
arctos (Swenson et al. 1997), black Ursus americanus (Tietje and Ruff 1980), and polar
bears Ursus maritimus (Amstrup 1993), with most instances of abandonment in the
published literature associated with human disturbance (Linnell et al. 2000). In 67% of
den abandonment events by brown bears in Sweden and Norway, Swenson et al. (1997)
documented hunting, fishing, or forestry activity within close proximity of the abandoned
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den sites. More frequently, however, it is human disturbance associated with researcher
activity that has been found to cause den abandonment (Linnell et al. 2000). Natural
causes, especially flooding, are also commonly reported to have interrupted hibernation
and induced den abandonment (e.g., Schwartz et al. 1987, Oli et al. 1997). Den
abandonment may negatively impact reproduction and fitness. Both Elowe and Dodge
(1989) and McDonald and Fuller (1998) reported cub mortality after researcher-induced
den abandonment. Swenson et al. (1997) found that pregnant female brown bears that
relocated dens lost young significantly more often than undisturbed pregnant females,
and Tietje and Ruff (1980) reported that black bears that abandoned dens during the
winter experienced greater weight loss than bears that stayed in 1 den.
Bears may transition into the physiological state of hibernation prior to denning in
the fall, and may transition out of this state after leaving their dens in the spring (Nelson
and Beck 1984). These transitional periods, when bears are entering or exiting a
biochemical state of hibernation but are not in their winter dens, have been described as
“walking hibernation” (Nelson 1973, Nelson et al. 1975). During this time, bears display
marked lethargy, and may remain in one place while occupying “day beds” for days or
even weeks at a time (Craighead and Craighead 1972, Hellgren and Vaughan 1989,
Beecham and Rohlman 1994). Although there are anecdotal observations of these
transitional day beds in the literature, the use of day beds has not been systematically
described (e.g., frequency, distance from dens, duration). Black bears display a large
degree of plasticity in den site selection, and may even hibernate on the surface of the
ground (Nelson and Beck 1984, McDonald and Fuller 1998). Therefore, it may be
difficult to differentiate den abandonment events (when a bear abandons a den because of
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some disturbance and then dens in a new location) from movements between extendeduse transitional day beds and dens, as the movement patterns associated with the use of
day beds or dens are both accurately described by Nelson and Beck’s (1984) definition of
denning as the “...physical act of reducing mobility by crawling into a rock cavern,
hollow tree, excavated hole, brush pile, or simply lying down on a bed of leaves”.
In mild climatic conditions bears may be more likely to abandon dens (Linnell et
al. 2000). Records of den abandonment from northern latitudes in areas with long-term
winter snow cover, however, are almost exclusively associated with human disturbance
(e.g., Tietje and Ruff 1980, Evans et al. 2012, but see Schwartz et al. 1987). In 3 study
areas in Newfoundland where median winter snow cover lasts 100-180 d (Potter 1965),
and mean annual snowfall is 200-350 cm (Ullah 1992), we observed several instances of
den abandonment among radio-collared black bears and also documented frequent use of
extended-use transitional day beds in both the fall and the spring. Our objectives were to
quantify the rate of den abandonment, systematically describe the use of extended-use
transitional day beds, and investigate potential causes for den abandonment and departure
from day beds in the fall. We looked for differences in denning behavior by comparing
rates of abandonment and day bed use between males and females and evaluated two
hypothesized circumstances under which bears abandon dens or depart from fall day
beds: (1) bears are disturbed by human activity; (2) bears are disturbed by flooding events
associated with rainfall.
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Methods
Study Areas
Our research was conducted in the La Poile (10,916 km2), Middle Ridge (13,243
km2), and Northern Peninsula (5,391 km2) study areas in Newfoundland (Fig. 1.1). These
areas are lightly populated, with most human settlements on the coast (Statistics Canada
2001). The study areas are a mixture of bogs, heaths, barrens, and coniferous and mixed
forests of balsam fir Abies balsamea, black spruce Picea mariana, tamarack Larix
laricina, mountain maple Acer spicatum, birch Betula spp., and alder Alnus spp.. Most of
the La Poile and Middle Ridge areas are roadless, but in the Northern Peninsula study
area active forest management has created an extensive road system.
Bear Capture and Telemetry
We captured black bears using Aldrich foot snares or by aerial darting from a
helicopter in the 3 study areas during May-October 2008-2011, and monitored them from
2008-2012. We immobilized bears with a mixture of tiletamine-zolazepam (Telazol®)
administered intramuscularly with a CO2-powered pistol (Palmer Cap-Chur Inc., Power
Springs, Georgia, USA) at a dosage of 4-7 mg/kg. Animal capture and handling
procedures conformed to guidelines established by the American Society of
Mammalogists (Sikes et al. 2011) and were approved by the University of Massachusetts
Amherst Institutional Animal Care and Use Committee (Protocol #2009-0047). We
outfitted 79 bears > 2 y of age with releasable GPS radiocollars from 2008-2011 (GPS
4400M, IridiumTrack3D, Lotek Wireless Inc., Newmarket, ON, Canada; G2110E,
Advanced Telemetry Systems, Isanti, MN, USA). Each collar was programmed to take a
location every 1-, 2-, 4-, or 12 h depending on model and time of year. Because of a high
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failure rate of the Lotek IridiumTrack3D collars (24 of 58 collars failed < 2 months, and
48 of 58 failed < 1 year), we were only able to identify dens for 44 bears during 67 bearwinters. We included bear-winters in our analyses only where we could identify an initial
entrance and final emergence (i.e., when a collar failed during hibernation we did not use
data from that winter). Occasionally we changed bear collars in winter dens (we visited 9
bears in their dens [2 M in 2010, 3 M and 4 F in 2011]), but we primarily recollared bears
by targeting individuals for recapture and darting them from the air, or opportunistically
when we recaptured bears in foot snares. To improve the precision of acquired locations
we screened successful fixes and removed 2-D locations with HDOP > 5 (Lewis et al.
2007).
Identifying Den Sites, Day Beds, and Den Abandonment Events
Using Monte Carlo simulation, Jerde and Visscher (2005) demonstrated that when
the step length between consecutive locations in a GPS data set is < 5 error standard
deviations it is not possible to distinguish a stationary animal from a slowly moving
animal. Previously, we identified the average error standard deviation of the bear collars
as 6.98 m (Rayl 2012). Accordingly, we considered bears to be stationary when
“movements” were < 35 m, and we identified den sites and extended-use day beds
remotely, classifying a bear as either denning (Evans et al. 2012) or in an extended-use
day bed if it was stationary > 5 d. We calculated the geographic mean center of all
locations when a bear was stationary and used this location as the den site or day bed.
Although previous research has found that most abandonment events occur early or late
in the denning period (Tietje and Ruff 1980, Swenson et al. 1997, Evans et al. 2012), we
conservatively chose to avoid the possibility of misidentifying extended-use day beds as
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dens and thereby artificially inflating the number of den abandonments by only
classifying clusters that included > 5 d of stationary locations > 30 d from either the
initial cessation of movement or the final return to activity as dens. We classified all other
> 5 d stationary clusters as extended-use transitional day beds. We considered a den to be
abandoned when a bear moved > 35 m from its den site and denned again. We did not
classify occasional activity bouts (e.g., Bridges et al. 2004), when a bear exited a den for
a period of time and then reentered the same den, as abandonment. We used the first
location outside of a den after the last location in that den as the date of abandonment.
Analyses
We used chi-square and Fisher’s tests to compare rates of abandonment and rates
of extended-use day beds between males and females. We compared the dates of
abandonment events to the dates of den work to see if there was any relationship between
den work and abandonment events. We compared the distance to publicly maintained
roads and the distance to linear features (forestry roads, utility lines, and snowmobile
trails commonly used as travel corridors by snowmobiles and all-terrain vehicles)
between abandoned dens and successfully used dens and between fall day beds and
successfully used dens using non-parametric Mann-Whitney tests. We used weather data
from the Meteorological Service of Canada (Environment Canada 2013; Fig. 1.1) to
compare the frequency of abandonment or fall day bed departure on days when it rained
> 15 mm to the frequency of abandonment or fall day bed departure on days when it
rained < 15 mm using Fisher’s test. We compared the location of each den and day bed to
all other dens and day beds to see if dens or day beds were reused. We used program R
version 3.0.2 (R Development Core Team 2013) for all analyses, relying on the packages
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adehabitatLT (Calenge 2006), rgdal (Keitt et al. 2013), rgeos (Bivand and Rundel 2013),
sp (Bivand et al. 2008), spatstat (Baddeley and Turner 2005), and maptools (Bivand and
Lewin-Koh 2013).
Results
Male and female black bears spent an average of 158 and 178 d denning,
respectively. We documented den abandonment in 6 (9%; 3 F, 3 M) of 67 bear-winters (6
[14%] of 44 radio-collared bears, Fig. 1.2), with bears re-denning following abandonment
in 5 of 6 instances after traveling an average of 3.2 km (median = 110 m, range = 578,521 m) in < 1 d (median = 0 d, range = 0-1 d). We detected no difference in rates of
abandonment between males and females (p = 1.0). One male bear that abandoned his
den on 20 March, remained active for over a month, traveling 39 km before occupying a
day bed for 9 days (28 April-7 May). We found no instances of researcher-induced den
abandonment; we did not visit any abandoned dens during den work, and bears did not
emerge until spring from all dens we visited in the late winter. We found no difference in
the distance to roads (mean = 17,824 m, range = 609-39,828 m) or the distance to linear
features (mean = 4,126 m, range = 27-25,872 m) between abandoned and successfully
used dens (both p > 0.20). It did not rain on the day of the 6 abandonment events. We
knew the reproductive status of 2 of 3 females that abandoned dens: LP1001 was
accompanied by yearlings when she abandoned her den, and LP1006 was pregnant when
she abandoned her den (Fig. 1.2).
We documented the use of extended-use transitional day beds in 16 (24%) of 67
bear-winters (15 [34%] of 44 radio-collared bears, 8 F, 7 M, Fig. 1.2). We observed 3
male bears using multiple day beds in 1 season (2 in fall, 1 in spring). We detected no
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difference in rates of day bed use between males and females (χ2 = 0.23, df = 1, p = 0.63).
During the fall, female bears using day beds spent an average of 13.3 d in them, while
male bears using day beds spent an average of 12 d in them. In 5 of 10 instances bears
left their fall day beds on days with > 15 mm of rain (mean = 28.2 mm, range = 15.6-63.6
mm), which was more than would be expected by chance (p < 0.01). After leaving their
final fall day bed, bears traveled an average of 2.4 km (median = 959 m, range = 575,960 m) in 2.7 d (median = 2 d, range = 0-11 d) before denning. We found no difference
in the distance to roads (mean = 18,697 m, range = 609-39,828 m) or the distance to
linear features (mean = 4,415 m, range = 27-25,872 m) between fall day beds and
successfully used dens (both p > 0.26). During the spring, female bears using day beds
spent an average of 15.6 d in them, while male bears using day beds spent an average of
9.4 d in them. After emerging from their dens in the spring, bears using spring day beds
traveled an average of 2.8 km (median = 829 m, range = 36-13,529 m) in 2.8 d (median =
1 d, range = 0-12 d) to their day bed. We knew the reproductive status of 5 of 8 females
that used day beds: LP0809 and MR1004 used spring day beds when they were alone;
MR1106 shared a fall day bed with cubs of the year and then a spring day bed with those
same individuals as yearlings; LP1006 used a spring day bed with cubs of the year; and
LP1001 shared a spring day bed with yearlings (Fig. 1.2).
We observed a high frequency of den reuse, with 6 of 17 (35%) bears for which
we had multiple years of denning data reusing den sites in different years. In La Poile, 2
(2 F) of 4 (3 F, 1 M) bears with multiple years of denning data reused dens from previous
winters. In the winter of 2010-11, 1 of these female bears returned to her 2008 den to
hibernate, and then left this den in the spring and used her 2009 den site as a day bed for
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20 days (Fig. 1.2, LP0809). In Middle Ridge, 4 (44%; 2 F, 2 M) of 9 (3 F, 6 M) bears
with multiple years of denning data reused dens from previous winters, with 1 female
using the same den in 3 consecutive winters (data associated with the 3rd year in this den
were not included in our other analyses because we could not identify an initial den
entrance date as the GPS portion of her collar failed in August of that year, and we did
not recollar her until later in the winter during den work). Additionally, in Middle Ridge,
2 males used the same den in separate winters (2008 and 2011), and 1 female returned to
her spring day bed (Fig. 1.2, MR0807) the next fall to den. We had multiple years of
denning data for 4 (2 F, 2 M) bears in the Northern Peninsula study area, but did not
observe any den reuse there.
Discussion
Although we hypothesized that flooding or anthropogenic disturbance played a
role in den abandonment, we found no such relationships. The small sample sizes in our
study, as well as our reliance on indirect measures (with the exception of our examination
of researcher effects) to assess our hypotheses may have hindered our ability to detect
differences (but Elfström and Swenson [2009], who also used surrogates for human
disturbance [distance to plowed roads], and found significant differences between
abandoned and successfully used dens). Because we did not visit most dens, we could not
evaluate the effects of microhabitat attributes, relative bear mass (i.e., condition), or
reproductive status of females, but acknowledge that these factors could certainly have
played a role in abandonment.
We documented the use of fall and spring day beds by both male and female
black bears in Newfoundland, and, for the first time that we are aware, systematically
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described the use of these sites for a bear population. We observed female bears using
day beds in all combinations of season and reproductive status except for unaccompanied
females in the fall. We did not see any evidence of lactation, however, nor any cubs with
LP0804 in August of 2008 or LP0902 in July of 2009 when we captured them in snares,
which suggested that they may have been alone when they used day beds in the fall of
those years (Fig. 1.2). The significant effect of rain > 15 mm on the timing of fall day bed
departure suggested that weather played a role in the termination of occupancy of some
of these day beds.
It has been reported that bears may reuse dens because there is a scarcity of
suitable den sites available, because a site was used successfully in the past, or for both
reasons (Davis et al. 2012). Given the large degree of variability we observed in den site
selection during our limited den work (including dens on the surface of the ground), we
doubt that there was a scarcity of suitable den sites available in our study areas, but
instead suggest that the high frequency of den reuse we observed (35% of collared bears
with multiple years of data reused dens at least once during the monitoring period),
indicated that bears in our areas displayed a propensity to choose familiar places to den.
The reuse of den sites was not limited to an individual bear, nor to consecutive years; 2
adult males used the same den in separate winters (2008 and 2011), and the behavior of
an adult female demonstrated that a bear’s memory of previously used dens extends
beyond the preceding winter when she returned to her 2008 den to hibernate in 2010 (see
description of LP0809’s movements in “Results”).
We also observed bears using den sites from previous years as day beds and day
beds from previous years as dens, and documented instances of rainfall influencing day
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bed departure in the fall. Considered together, these results suggest both that we need to
carefully consider the distinction between day beds and dens, and further reinforce the
idea (see “Introduction”) that it may be difficult to differentiate between them, because
the same sites can serve both roles and departure from these sites may be induced by
similar circumstances (e.g., den abandonment after flooding, Schwartz et al. 1987, Oli et
al. 1997). Although the literature is replete with research on bear denning, few studies
provide parameters that can be used to identify when a bear is denning. This may be
because in most study systems bears unambiguously enter a den in the fall and remain in
that den until the spring, or because it is assumed that this is the pattern that bears follow,
and data to demonstrate otherwise are unexamined or unavailable. We established criteria
to distinguish day beds from dens, but it is quite possible, and even reasonable to assume,
that at least some of the day beds we identified were actually dens (especially those
occupied for > 15 d). Without biochemical monitoring, it may be difficult or impossible
to differentiate between these 2 forms of sedentary behavior, although in the absence of
any evidence of disturbance, the more parsimonious explanation may be that sedentary
bears near the start or end of the denning season are occupying day beds rather than dens.
Den abandonment by bears has been used as an indicator of anthropogenic
disturbance with potential population consequences (e.g., reduced cub survival [Swenson
et al. 1997]); however, baseline information on this behavior is scarce. We found no
evidence of anthropogenic disturbance influencing abandonment rates in our study areas,
albeit using indirect measures with very small sample sizes. Thus, our results may
provide preliminary background rates for a northern and relatively remote ecosystem.
Natural rates of abandonment appear to range widely from populations where
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abandonment is not observed (e.g., multiple papers that do not report abandonment), to
areas where up to 26% of bears may abandon dens (Evans et al. 2012). To acquire more
accurate estimates of background abandonment rates, however, GPS data would need to
be downloaded and examined frequently throughout the denning period, with ground
investigations to inspect abandoned dens and the surrounding areas commencing
immediately whenever abandonment events were detected. Without accurate knowledge
about the natural rate of abandonment in bear populations it may be difficult to assess the
impact of human disturbance on hibernating bears. Furthermore, increased rates of den
abandonment may be another consequence of climate change (cf., Rodríguez et al. 2007,
Hunter et al. 2010) and thus in need of future monitoring. As the climate warms, events
that are typically associated with den abandonment in southern bear populations (e.g.,
flooded dens; Oli et al. 1997) may become more common in the north. In addition to the
demographic ramifications associated with abandonment, more time outside dens in
winter may increase human-bear conflict and the negative consequences for population
dynamics that these interactions typically entail.
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Figures

Figure 1.1. We outfitted black bears with GPS collars in the La Poile (10,916 km2),
Middle Ridge (13,243 km2), and Northern Peninsula (5,391 km2) study areas,
Newfoundland, 2008-2011. Rainfall data were acquired from 3 weather stations on the
island.
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Figure 1.2. Denning and day bed timeline for 17 black bears (9 F, 8 M) that either
abandoned dens or used extended-use day beds in Newfoundland, 2008-2011. We
classified sites that included > 5 d of stationary locations > 30 d from either the initial
cessation of movement or the final return to activity as dens. We classified all other
clusters of > 5 d stationary locations as extended-use transitional day beds. Vertical hash
marks represent entrances and emergences to day beds or dens, and numbers above
horizontal lines indicate the number of days dens or day beds were occupied. When a
bear emerged from a den or day bed and reentered a new den or day bed on the same day
only 1 hash mark is displayed. Den abandonment events (n = 6) are indicated by an “A”
above den emergence hash marks.
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CHAPTER 2
SPATIOTEMPORAL HETEROGENEITY IN PREY ABUNDANCE AND
VULNERABILITY SHAPES THE FORAGING DECISIONS OF AN OMNIVORE
Abstract
The abundance and vulnerability of prey varies across space and time, but we
know little about how it mediates predator-prey interactions and predator foraging
strategies. To evaluate the interplay between prey abundance, prey vulnerability, and
predator space use, we examined black bear (Ursus americanus) predation of caribou
(Rangifer tarandus) neonates in Newfoundland, Canada using long-term mortality and
location data from 329 collared individuals. We investigated the influence of landscape
features on calf vulnerability, evaluated if bears actively hunted calves, and assessed the
impact of changes in the abundance and vulnerability of calves on the foraging strategy
of bears. Resource selection analyses revealed that landscape heterogeneity influenced
calf vulnerability, and that bears selected for areas where they were most likely to kill or
encounter calves, which suggested they were actively hunting caribou. Initially, daily kill
rates varied with calf abundance in a type-I functional response, but, as calf vulnerability
declined, kill rates dissociated from abundance. Bears adjusted their foraging strategy
based upon the efficiency with which they could catch calves, highlighting the influence
of predation phenology on predator space use. Our work demonstrates the utility of
integrating temporal dynamics of prey availability into investigations of predator-prey
interactions, illustrates shortcomings of common analytical approaches, and moves
towards a mechanistic understanding of the dynamic foraging decisions of a large,
generalist predator.
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Introduction
Predator-prey interactions frequently structure ecological communities (Holt
1977, Schmitz 1998), alter population dynamics (Krebs et al. 1995), and cause significant
evolutionary change (Roff 1996). To develop a comprehensive understanding of these
interactions, and thus of ecosystem functioning, it is necessary to examine the
spatiotemporal dynamics of predation (Lima and Dill 1990). Significant work has been
done to quantify the spatial dynamics of predation from the perspective of prey species
(e.g., model predation risk, Schmitz 1998, 2008, Hebblewhite et al. 2005), and
increasingly, to consider the temporal dynamics of predation risk (Latombe et al. 2014,
Basille et al. 2015). Yet, few studies have examined the spatiotemporal context of
predator-prey interactions from the perspective of predator species (Lima 2002),
especially in large vertebrate communities (but see Hopcraft et al. 2005, BastilleRousseau et al. 2011).
In classic models of predator-prey dynamics, the per-capita rate at which
predators kill prey varies solely as a function of prey density (the functional response;
Solomon 1949, Holling 1959). Changing vulnerability to predation, however, may also
greatly influence the rate at which predators kill prey (Tilman 1978). Thus, from a
predator’s perspective, the availability of prey is a function of prey abundance and prey
vulnerability, both of which vary in space and time. Spatiotemporal heterogeneity in the
abundance of prey may emerge because of variation in the timing and location of births
(Rayl et al. 2014), the distribution of resources (Clutton-Brock and Harvey 1978), or
climatic conditions (Coulson et al. 2000). Spatial and temporal patterning in the
vulnerability of prey may arise because of variation in landscape features (Kauffman et
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al. 2007), the age (Adams et al. 1995) or body condition of prey (Wirsing et al. 2002), or
predator-prey encounter rates (Holling 1959). To date, there is limited knowledge from
either theoretical or empirical studies to predict how predators might adjust their spaceuse patterns in response to this spatiotemporal heterogeneity in prey abundance and
vulnerability.
Predators can actively search for prey, or incidentally encounter prey while
foraging for other resources (Bastille-Rousseau et al. 2011). If predators are searching for
prey, they may do so by selecting areas where they are most likely to encounter prey
(Murray et al. 1994), by selecting areas where they are most successful at killing prey
(Hopcraft et al. 2005), or by using some combination of these foraging strategies. The
extent to which predators exhibit facultative switching between strategies remains largely
unexplored.
In the last two decades, caribou (Rangifer tarandus) in Newfoundland have
declined from ~94,000 to ~32,000 individuals, with calf predation by black bears (Ursus
americanus) identified as a major proximate mechanism of the decline (BastilleRousseau et al. 2016, Mahoney et al. 2016). Bear predation of calves is spatiotemporally
constrained, as most predation occurs during June (Mahoney et al. 2016) when new-born
calves are aggregated on calving grounds (Rayl et al. 2014). As omnivores, bears
frequently forage across multiple trophic levels, making tradeoffs between foraging on
abundant and predictable, but lower-quality vegetation, and rarer and less predictable, but
high-quality animal matter (Orians et al. 1997). These spatiotemporal dynamics and
consumer characteristics offer a unique opportunity to gain a greater understanding of a
predator’s perspective of predator-prey interactions.
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In this study, we integrated models of predation phenology, spatially and
temporally dynamic resource distributions, and resource selection functions (RSFs;
Manly et al. 2002) of black bears during calving to investigate 3 questions: 1) Does
caribou calf predation occur because bears are searching for calves or because they
encounter them incidentally? 2) Does landscape heterogeneity mediate vulnerability of
calves to predation by bears? 3) Do changes in the availability of calves influence the
foraging strategy of bears? Our novel approach reveals new insights about the complex
decisions predators make when searching for prey and moves toward a mechanistic
understanding of the dynamic foraging strategy of a generalist predator in a system where
it is strongly influencing prey population dynamics.
Methods
Study Area
The island of Newfoundland, Canada (108,860 km2; 47°44-N, 59°28-W to 51°44N, 52°38-W), is characterized by a mixture of bogs, heaths, barrens, and coniferous and
mixed forests. We studied caribou and black bears in the range of the largest caribou herd
in Newfoundland, the Middle Ridge herd (~10,000 individuals). Most females from this
herd calved in an area called Middle Ridge North, but <5% calved in an area called
Middle Ridge South (Fifield et al. 2013, Rayl et al. 2014). The herd’s range was almost
entirely roadless, with human settlements confined to the coast. To characterize the
landcover of the herd’s range, we used a series of Landsat 7 scenes with a resolution of
30-m2 that were initially classified into 9 landcover types that we collapsed into 6 types:
1) conifer forest, which subsumed 2 rare landcover types (deciduous forest, mixed
forest), 2) conifer scrub (stunted conifer forest), 3) wetlands (fens and bogs), 4) barrens
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(barrens, rocky, and other open habitats), 5) heathland (lichen and heathland habitats),
and 6) water (lakes, ponds, rivers, and streams). We did not consider anthropogenic
disturbance, an extremely rare landcover type, in our analyses. We calculated topographic
variables from a 25-m2 resolution digital elevation model.
Animal Collaring and Monitoring
We captured black bears >2 years of age by darting them from a helicopter during
May-October 2008-2012 and fitted them with Global Positioning System (GPS) collars
programmed to acquire a location every 1 or 2 h. We captured adult female caribou in the
same way during November-May 2006-2012 and fitted them with GPS collars
programmed to acquire a location every 2 h. We located caribou neonates <5 days old
from helicopters, captured them on foot during late May-early June 2003-2013, and fitted
them with very high frequency (VHF) collars with motion-sensitive transmitters. We
monitored calves daily during the first week post-capture, every 2-4 days thereafter until
July, every 5-10 days during July, and thenceforth every 2-4 weeks. When we detected a
mortality signal, we conducted a systematic field investigation to determine the cause of
death. Additionally, we verified many field assessments using laboratory necropsy of
collected remains or DNA analysis to identify the cause of death (Mumma et al. 2014).
Previously, we determined that most female-calf caribou pairs migrated from the
Middle Ridge North calving grounds by 30 June (Rayl et al. 2014), and that some black
bears visited the calving grounds when calves were present, whereas others did not (Rayl
et al. 2015). Here, we classified 27 May (the earliest recorded calf mortality attributed to
black bears) to 30 June as the calving season. We included caribou from the Middle
Ridge North calving grounds, bears that visited the Middle Ridge North calving grounds
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during the calving season (hereafter, visitors), and bears in the range of the Middle Ridge
herd that did not visit either the Middle Ridge North or Middle Ridge South calving
ground during the calving season (hereafter, non-visitors) in our analyses. From these
datasets, we removed individual-years with <15 days of GPS data in a calving season.
Additionally, we removed portions of datasets (2 caribou) or entire datasets (1 bear) of
animals that were located in an area south of the Middle Ridge North calving grounds
that lacked Landsat coverage. Our final calving season dataset included 21 black bears
monitored from 2008-2013 (9 visitors, 17 bear-years, 5,648 locations; 12 non-visitors, 18
bear-years, 6,396 locations), 34 adult female caribou monitored from 2009-2013 (91
caribou-years, 47,088 locations), and 274 caribou calves monitored from 2003-2013 (Fig.
2.1).
Evaluating the Foraging Strategy of Bears
Predation of caribou calves by black bears results either because bears are actively
searching for calves or incidentally encountering them while foraging for other resources
(Bastille-Rousseau et al. 2011). Bears may search for calves by selecting areas where
they are most likely to encounter calves, by selecting areas where they are most
successful at killing calves (kill sites), or by using some combination of these two
foraging strategies. The primary food resources for bears in the range of the Middle
Ridge herd, as revealed by scat analyses, were vegetation, ants (family Formicidae), and
caribou (Zieminski 2016). Therefore, to evaluate the foraging strategy of bears that led to
calf predation, we first estimated the distribution of vegetation, ants, caribou calves, and
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kill sites during the calving season. We then assessed the connection between these
variables and the resource selection patterns of bears.
Distribution of Vegetation Biomass
We estimated the distribution of vegetation by developing a spatiotemporal model
of vegetation biomass for black bears based on an approach used for ungulates
(Hebblewhite et al. 2008, Bastille-Rousseau et al. 2015). We considered the green
vegetation abundance of graminoids and forbs as potential food items for black bears in
the spring (Boileau et al. 1994, Zieminski 2016). This model combined a spatial model
based on the average vegetation biomass in each landcover type with a temporal model of
vegetation growth based on the normalized-difference vegetation index (NDVI) and field
vegetation surveys of 173 plots during 2011-2012 (Appendix S1).
Distribution of Ant Colonies
We estimated the distribution of ant colonies by systematically investigating all
stumps, woody debris, rocks, and soil mounds within a 10-m radius of the center of 140
of our vegetation plots in 2012 and recording the number of ant colonies we found
(Noyce et al. 1997). We then created an index of the relative abundance of ant colonies
per landcover type by dividing the average number of ant colonies in each landcover type
by the maximum average ant colony value for the 5 terrestrial landcover types. We
assigned water an ant colony index value of 0.
Distribution of Caribou Calves
We used the distribution of adult female caribou as a surrogate for the distribution
of caribou calves. We developed an RSF to estimate the relative probability of occurrence
of adult female caribou using a generalized linear mixed model (GLMM) with a binomial
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distribution, logit link, and individual-year as the random effect (Gillies et al. 2006). We
compared the landscape attributes of used locations of adult female caribou (coded as 1)
with an equal number of randomly sampled available locations (coded as 0) drawn from
within the 100% minimum convex polygons (MCP) of each caribou in each calving
season. We considered slope, aspect (included using dummy variable coding with ‘north’
as the reference category), elevation, landcover type (included using dummy variable
coding with ‘wetlands’ as the reference category), and two-way interactions between
each landcover type (except ‘water’) and the proportion of that landcover type within a 5km radius (to account for a functional response in habitat selection; Mysterud and Ims
1998, Moreau et al. 2012) as potential explanatory variables. We developed an a priori
candidate model list and conducted univariate and interaction logistic regression
analyses, excluding potential explanatory variables and interactions where P > 0.25 on a
Wald statistic prior to model building (Peters et al. 2015). Our candidate RSFs took the
form:
w(x) = exp(β1 x1 + … + βu xuij + βu_5k x(u_5k)ij + … + βu xu × βu_5k x(u_5k)ij + γ0j)

(1)

where w(x) represented the RSF scores, βu was the selection coefficient for explanatory
variable xu, βu_5k was the selection coefficient for the proportion of the landcover type
x(u_5k) within a 5-km buffer, and γ0j was the random intercept for the jth individual-year.
Distribution of Kill Sites
We estimated the distribution of kill sites by developing an RSF to estimate the
relative probability of occurrence of kill sites using a generalized linear model (GLM)
with a binomial distribution and logit link (Hebblewhite et al. 2005). We compared the
landscape attributes of black bear kill sites (coded as 1) of collared calves (n = 57) or
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uncollared calves we opportunistically encountered (n = 4) with subsampled locations of
adult female caribou (n = 34; coded as 0) during the calving season. We randomly
subsampled the telemetry locations of adult female caribou so that each individual had an
identical number of locations equal to the total number of locations in the smallest
individual dataset (409 locations). We considered slope, elevation, local-scale landcover,
and landscape-scale landcover as potential explanatory variables. Because calves were
likely killed after a chase and carcasses may have been moved by predators, we
characterized the local-scale landcover at 3 different potentially explanatory scales by
calculating the proportion of each landcover type within a 100-, 250-, and 500-m radius
buffer of the kill site. We characterized the landscape-scale landcover as the proportion of
each landcover type within a 5-km radius buffer of the kill site. We developed an a priori
candidate model list and conducted univariate logistic regression analyses, excluding
potential explanatory variables where P > 0.25 on a Wald statistic prior to model building
(Peters et al. 2015). Our candidate RSFs took the form:
w(x) = exp(β1 x1 + β2 x2 + … + βu xu)

(2)

where w(x) represented the RSF scores and βu was the selection coefficient for
explanatory variable xu. Results from these RSFs allowed us to evaluate whether
landscape heterogeneity influenced the vulnerability of calves to bear predation.
Availability of Caribou Calves (Predation Phenology)
From a black bear’s perspective, the availability of caribou calves is a function of
both the abundance of calves and their vulnerability to bear predation. We developed a
method that combined the estimated timing of the birth pulse, the daily number of calves
born, and cause-specific survival analyses to calculate the average daily number of calves
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killed by bears (Appendix S2). This integrated metric of predation phenology
incorporated changes in the abundance and vulnerability of calves throughout the calving
season, and allowed us to investigate whether temporal changes in this metric affected the
foraging strategy of bears.
Foraging Strategy of Black Bears
We evaluated the foraging strategy of black bears by developing RSFs estimating
the relative probability of occurrence of bears using GLMMs with binomial distributions,
logit links, and individual-year as the random effect (Gillies et al. 2006). We compared
the resource attributes of used locations of bears (coded as 1) with an equal number of
randomly sampled available locations (coded as 0) drawn from within the 100% MCP of
each bear in each calving season. For each bear we randomly assigned available locations
to a specific day drawn with replacement from the distribution of days of the
corresponding calving season used locations of that bear. We then characterized each
location by its relative abundance of vegetation biomass (vegetation biomass), its relative
abundance of ant colonies (ant colonies), its relative probability of occurrence of adult
female caribou (female caribou), its relative probability of occurrence of kill sites of
caribou calves killed by black bears (kill sites), and the daily number of caribou calves
killed by bears (daily kills).
We estimated RSFs separately for visitors and non-visitors. Comparisons between
the distribution of visitors and non-visitors provided the basis for a natural experiment
examining variation in resource selection between bears that did (visitors) and did not
(non-visitors) have access to caribou calves. Although female caribou and calves were
absent from the range of non-visitors, given the correlative nature of our analyses, we
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used the same suite of potential explanatory variables and a priori candidate model list for
both visitors and non-visitors. This allowed us to evaluate whether the presence or
absence of female caribou and calves influenced the foraging patterns of bears. We
considered distribution variables (vegetation biomass, ant colonies, female caribou, kill
sites), daily kills, and two-way interactions between the distribution variables and daily
kills as potential explanatory variables. These two-way interactions allowed us to
investigate whether the availability of calves influenced the foraging strategy of visitors.
Prior to model building, we developed an a priori candidate model list and rescaled all
variables between 0-1 (except ant colonies, which already ranged from 0-1) to facilitate
model convergence and interpretability. Our candidate RSFs took the form:
w(x) = exp(β1 x1 + … + βu xuij + βkills x(kills)ij + … + βu xu × βkills x(kills)ij + γ0j)

(3)

where w(x) represented the RSF scores, βu was the selection coefficient for explanatory
variable xu, βkills was the selection coefficient for daily kills x(kills), and γ0j was the random
intercept for the jth individual-year.
We used second-order Akaike information criteria (AICc; Burnham and Anderson
1998) to identify the most parsimonious kill site, female caribou, and bear RSFs from our
candidate models and assessed the top models for multicollinearity using the variance
inflation factor (VIF; Graham 2003). No multicollinearity issues were detected (VIF for
all main-effect variables ≤ 4.10; Dormann et al. 2013). We derived maximum-likelihood
estimates (MLEs) for GLMMs using adaptive Gauss-Hermite approximation with 5
integration points (Bolker et al. 2009). To evaluate the robustness of the top RSF models,
we used 100 repetitions of 4-fold cross validation with 8 bins of equal size, calculating
the average Spearman rank correlation (rs) between the withheld data and the ranked bins
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(Boyce et al. 2002). We conducted all analyses in program R version 3.0.2 (R
Development Core Team 2013), using lme4 to calculate GLMMs.
Results
Distribution of Vegetation Biomass and Ant Colonies
During the calving season, the relative abundance of vegetation biomass for black
bears was greatest in open landcover (barrens, heathland, wetlands) and lowest in
forested landcover (conifer scrub, conifer forest; Appendix S3: Table S3.1). Correlations
between increases in NDVI and vegetation growth were strong (average conditional R2 =
0.68; Appendix S1). The relative abundance of ant colonies was greatest in conifer scrub,
followed by barrens, heathland, wetlands, and conifer forest (Appendix S3: Table S3.1).
Distribution of Female Caribou and Kill Sites
The most parsimonious RSF model (AICc weight > 0.99) of adult female caribou
included all landcover types, aspect, and the presence of a functional response (Appendix
S3: Table S3.2). Females selected barrens and west and flat aspects, and avoided water
(Appendix S3: Table S3.3). Functional responses were revealed in variable coefficients
for two-way interactions between a specific landcover type and its proportion within a 5km radius; selection for conifer forest and conifer scrub increased as their proportion in
the surrounding area increased, whereas selection for heathland decreased as its
proportion increased in the surrounding area. The model was robust to cross-validation (rs
= 0.82).
Landscape attributes influenced the relative probability of caribou calves being
killed by black bears during the calving season. The most parsimonious model (AICc
weight = 0.98) included local-scale landcover types within a 100-m radius of the kill site,
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landscape-scale landcover types within a 5-km radius of the kill site, and elevation
(Appendix S3: Tables S3.4). Calves were most vulnerable to bear predation in areas with
greater proportions of local-scale conifer scrub or water and at higher elevations (Fig. 2.2,
Appendix S3: Table S3.5). Risk for calves decreased in areas with greater proportions of
landscape-scale conifer scrub. The model was reasonably robust to cross-validation (rs =
0.70).
Availability of Caribou Calves (Predation Phenology)
Predation by black bears was the dominant source of mortality for caribou calves
from the Middle Ridge North calving grounds (Appendix S3: Fig. S3.1). From 20032013, an estimated average of 5,524 calves were born in Middle Ridge North between 20
May-14 June (Appendix S3: Table S3.6). Initially, the daily number of calves killed by
bears rapidly increased as calves accumulated on the landscape, peaking on 7 June when
66 calves were killed, before more gradually declining (Figs 2.3 and 2.4). Bears killed
1,301 calves by 30 June, which was 74% of the total number of mortalities attributed to
bears to 15 November (1,763 mortalities). Bears caused 65% of the total calf mortalities
to 30 June, and 50% of the total calf mortalities to 15 November. We estimated that 49
bears lived in the MCP encompassing calving season kill sites (1,012 km2), and that these
bears killed an average of 0.63 calves/day to 30 June (27 calves/bear). See Appendix S2
for complete details of predation phenology modeling.
Foraging Strategy of Black Bears
The most parsimonious model for non-visitors (AICc weight > 0.99) included all
of the distribution variables (Appendix S3: Table S3.7). For direct comparison, we also
report results from the visitor RSF with the same model structure. Resource selection
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patterns for visitors and non-visitors were largely similar; both selected ant colonies and
female caribou, and avoided vegetation biomass (Fig. 2.5, Appendix S3: Table S3.8).
Visitors, however, showed the strongest selection for kill sites, whereas non-visitors did
not respond to kill sites. Both models were robust to cross-validation (visitor rs = 0.95,
non-visitor rs = 0.80).
The most parsimonious model for visitors (AICc weight > 0.99) included all of
the distribution variables, daily kills, and two-way interactions between distribution
variables and daily kills (Appendix S3: Table S3.7). The abundance and vulnerability of
caribou calves appeared to influence the foraging strategy of bears, as revealed by the
inclusion of interactions between distribution variables and daily kills. As daily kills
increased, selection for kill sites increased, whereas selection for ant colonies and female
caribou decreased (Fig. 2.6, Appendix S3: Table S3.9). This model was robust to crossvalidation (rs = 0.96).
Discussion
We integrated models of predation phenology, dynamic resource distributions,
and resource selection functions to examine the spatiotemporal context of predator-prey
interactions from the perspective of a predator. Our results demonstrated that landscape
heterogeneity and time since birth influenced caribou calf vulnerability to black bear
predation, suggested that bears were actively hunting calves, and provided evidence of a
generalist predator dynamically adjusting its foraging patterns as the abundance and
vulnerability of its prey changed.
To our knowledge, our study is the first to demonstrate that landscape
heterogeneity mediates vulnerability of ungulate neonates to predation, although it has
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been shown previously in other systems with adult prey (e.g., Hebblewhite et al. 2005,
Hopcraft et al. 2005, Kauffman et al. 2007). The strong influence of landscape
heterogeneity on mortality risk is consistent with the prediction that ambush predators are
more likely to produce powerful point-source cues that prey can reliably associate with
increased risk (Preisser et al. 2007). While we are uncertain of the precise mechanisms
governing the influence of landscape features on predation, they must affect either the
outcome or occurrence of predator-prey encounters (Kauffman et al. 2007).
We believe that local-scale landscape features likely influenced calf vulnerability
principally by altering the outcome of black bear-caribou calf encounters. The
explanatory scale of local landcover suggested that black bears killed most calves within
100 m of chase initiation (Appendix S3: Table S3.4), which corresponds with the length
of successful chases by grizzly bears (Ursus arctos) preying on caribou calves (Reynolds
and Garner 1987). Similarly, the relationship between local-scale landscape features and
calf vulnerability were generally consistent with the expected hunting strategy of an
ambush predator. At the local-scale, open landcover types were associated with low
levels of predation risk (Fig. 2.2). The riskiest landscape feature, the proportion of localscale conifer scrub, provided dense cover that presumably facilitated capture of calves
when it occurred at higher proportions. Similarly, increased proportions of local-scale
water elevated the risk of bear predation, likely because vegetation in riparian areas and
along shorelines provided cover and water bodies limited escape routes. Additionally,
encounters between caribou calves and black bears may have been higher in areas with
these landcover characteristics. Interestingly, increased proportions of local-scale conifer
forest, another landcover that could provide ambush cover, had little effect on risk. We

35

suspect this is because black bears were primarily resting when in conifer forest; among
landcover types, bears were least active in conifer forest (N.D. Rayl, unpublished data),
and it was the least productive for vegetation and ants (Appendix S3: Table S3.1). The
considerable effect of elevation and the lesser influence of the proportion of landscapescale conifer scrub on mortality risk indicated that large-scale features also affected the
risk of mortality, likely by altering the frequency of black bear-caribou calf encounters.
A common assumption of many food web and predator-prey models is that the
per-capita rate at which predators kill prey varies exclusively as a function of prey
density (the functional response; Solomon 1949, Holling 1959; but see Fortin et al. 2015).
Our results, however, highlight the role that both prey abundance and prey vulnerability
play in mediating the mortality patterns of ungulate neonates succumbing to ursid
predation. Early in the calving season, when caribou calves were highly vulnerable to
predation, the daily number of calves killed by black bears appeared to vary as a function
of the abundance of calves (Figs 2.3 and 2.4). Until 7 June, daily kill rates varied
positively and linearly with calf abundance in a type-I functional response (kill rate =
0.0003 × (alive calves) + 0.0553, F1,17 = 624.4, P < 0.001, R2 = 0.974; Holling 1959).
Less than 3 weeks after the onset of calving, however, the daily kill rate declined sharply.
Presumably, this decoupling of kill rates and calf abundance occurred because increasing
mobility of calves lowered the risk of bear predation. As a result, we observed two
different kill rates for the same abundance of calves across a range of abundance values
(Fig. 2.4).
The pattern of early and intense predation we observed is common across systems
with ursid mortality of ungulate neonates (Zager and Beecham 2006). Elsewhere, this
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predation phenology has been thought to play a key role in ungulate population dynamics
because bears kill most neonates before body condition begins to mediate vulnerability
(Adams et al. 1995, Zager and Beecham 2006, Barber-Meyer et al. 2008, Griffin et al.
2011). Thus, early bear predation frequently represents an additive source of mortality.
Although we were unable to assess whether bear predation was additive or compensatory,
it appeared to be an important factor for both bear and caribou populations in our study
area. We found that predation by black bears was the dominant source of mortality for
caribou calves from the largest herd in Newfoundland, responsible for 50% of all
mortalities, and removing 32% of the calving cohort by six months of age (Fig. 2.3).
Bears killed almost five times as many calves as coyotes (Canis latrans) to 30 June
(1,301 vs. 275), and nearly two and a half times as many calves to six months of age
(1,763 vs. 725). This predation provided a substantial quantity of high-quality protein and
energy for bears that visited calving grounds during the six-week calving season (27
calves/bear).
A fortuitous natural experiment provided us with the opportunity to investigate
differences between the foraging strategies of black bears that did (visitors) and did not
(non-visitors) have access to caribou calves. Unlike prior studies examining black bearcaribou calf interactions (Latham et al. 2011, Bastille-Rousseau et al. 2011), we found
compelling evidence that suggested bears with access to caribou were actively hunting
calves. These differing results may be due to caribou calves occurring at a much higher
density in our system, variation in space-use strategies of parturient caribou among
systems, or because previous studies were unable to evaluate whether bears selected areas
where calves were vulnerable to predation. In our system, visitors exhibited the strongest
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selection for areas where they were more likely to kill caribou calves (kill sites; Figs 2.5
and 2.6). This is consistent with findings from other studies examining the space use of
large ambush predators (Hopcraft et al. 2005). Visitors also strongly selected areas where
they were more likely to encounter adult female caribou. Additionally, in sharp contrast
to visitor selection patterns, non-visitors avoided areas associated with the landscape
characteristics of kill sites. Together, these results suggest that visitors were actively
hunting caribou calves during the calving season.
Surprisingly, however, in concert with visitor selection patterns, non-visitors
strongly selected for landscape characteristics associated with female caribou despite the
absence of female caribou in their range. These complementary patterns may have arisen
because both visitors and non-visitors were selecting some unmeasured resource that was
spatially correlated with the landscape characteristics associated with the distribution of
female caribou. Alternatively, similar patterns of selection may have emerged from
divergent foraging strategies of visitors and non-visitors. These uncertain results
demonstrate the limitations inherent to examinations of predator-prey interactions with
RSFs, especially when making inferences in multi-prey systems. Likewise, they
emphasize the critical importance of identifying the distribution of prey when it is
heterogeneously distributed on the landscape. Otherwise, as we previously noted (Rayl et
al. 2014), RSFs may produce spurious results.
To date, the influence of seasonal variability in the abundance and vulnerability of
prey has not received sufficient attention in studies of carnivore ecology (Pereira et al.
2014). Here, we begin to address this deficit, and provide novel evidence that changes in
the availability of caribou calves influenced the foraging strategy of black bears preying
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on them (Fig. 2.6). We found that when bears were killing more calves, selection for kill
sites increased, whereas, when bears were killing fewer calves, selection for female
caribou and ant colonies increased. Optimal foraging theory predicts that individuals will
attempt to maximize their energy intake per unit time and should choose the most
profitable prey (MacArthur and Pianka 1966). Our findings suggest that visitors may
have been altering their hunting strategy based upon the efficiency with which they could
catch calves, and perhaps compensating for capturing fewer calves by consuming more
ant protein (although overall selection for ant-rich areas was always low). Further, they
reveal the dynamic nature of predation risk, and highlight the challenge caribou face in
reliably discerning and responding to the spatial and temporal distribution of that risk.
Additional research is needed to clarify the connection between the foraging ecology and
space-use strategies of visitors, and to examine whether female caribou respond to the
shifting space-use patterns of predatory bears.
The foraging strategies of carnivores are flexible, dynamic, and complex. We
examined a period of only 6 weeks, and in that short time, observed large fluctuations in
the availability of a major resource for black bears, caribou calves, and what appeared to
be reciprocal changes in the space-use strategy of bears. These findings clearly
underscore the value of incorporating temporal heterogeneity into analyses of resource
selection. As ecologists, we have become increasingly sophisticated at accounting for
spatial heterogeneity when examining the resource selection patterns of animals, but we
rarely include similarly complex temporal variation in our investigations. In this study,
we offer one possible framework for integrating temporal dynamics of prey availability
into investigations of predator-prey interactions and carnivore space use, and demonstrate
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the power of such an approach. In doing so, we reveal new insights into how variation in
prey availability may mediate predator-prey dynamics, and move toward a mechanistic
understanding of the foraging decisions of a large, generalist predator.
Literature Cited
Adams, L. G., F. J. Singer, and B. W. Dale. 1995. Caribou calf mortality in Denali
National Park, Alaska. Journal of Wildlife Management 59:584–594.
Barber-Meyer, S. M., L. D. Mech, and P. J. White. 2008. Elk calf survival and mortality
following wolf restoration to Yellowstone National Park. Wildlife Monographs
169:1–30.
Basille, M., D. Fortin, C. Dussault, G. Bastille-Rousseau, J. P. Ouellet, and R. Courtois.
2015. Plastic response of fearful prey to the spatiotemporal dynamics of predator
distribution. Ecology 96:2622–2631.
Bastille-Rousseau, G., D. Fortin, C. Dussault, R. Courtois, and J.-P. Ouellet. 2011.
Foraging strategies by omnivores: are black bears actively searching for ungulate
neonates or are they simply opportunistic predators? Ecography 34:588–596.
Bastille-Rousseau, G., J. R. Potts, J. A. Schaefer, M. A. Lewis, E. H. Ellington, N. D.
Rayl, S. P. Mahoney, and D. L. Murray. 2015. Unveiling trade-offs in resource
selection of migratory caribou using a mechanistic movement model of
availability. Ecography 38:1049–1059.
Bastille-Rousseau, G., J. A. Schaefer, K. P. Lewis, M. A. Mumma, E. H. Ellington, N. D.
Rayl, S. P. Mahoney, D. Pouliot, and D. L. Murray. 2016. Phase-dependent
climate-predator interactions explain three decades of variation in neonatal
caribou survival. Journal of Animal Ecology 85:445–456.

40

Boileau, F., M. Crête, and J. Huot. 1994. Food habits of the black bear, Ursus
americanus, and habitat use in Gaspésie Park, Eastern Quebec. Canadian Field
Naturalist 108:162–169.
Bolker, B. M., M. E. Brooks, C. J. Clark, S. W. Geange, J. R. Poulsen, M. H. H. Stevens,
and J.-S. S. White. 2009. Generalized linear mixed models: a practical guide for
ecology and evolution. Trends in Ecology and Evolution 24:127–135.
Boyce, M. S., P. R. Vernier, S. E. Nielsen, and F. K. A. Schmiegelow. 2002. Evaluating
resource selection functions. Ecological Modelling 157:281–300.
Burnham, K. P., and D. R. Anderson. 1998. Model selection and multimodel inference: a
practical information-theoretic approach. Springer, New York, New York, USA.
Clutton-Brock, T. H., and P. H. Harvey. 1978. Mammals, resources and reproductive
strategies. Nature 273:191–195.
Coulson, T., E. J. Milner-Gulland, and T. Clutton-Brock. 2000. The relative roles of
density and climatic variation on population dynamics and fecundity rates in three
contrasting ungulate species. Proccedings of the Royal Society B: Biological
Sciences 267:1771–1779.
Dormann, C. F., J. Elith, S. Bacher, C. Buchmann, G. Carl, G. Carré, J. R. García
Marquéz, B. Gruber, B. Lafourcade, P. J. Leitão, T. Münkemüller, C. McClean, P.
E. Osborne, B. Reineking, B. Schröder, A. K. Skidmore, D. Zurell, and S.
Lautenbach. 2013. Collinearity: A review of methods to deal with it and a
simulation study evaluating their performance. Ecography 36:027–046.

41

Fifield, D. A., K. P. Lewis, and S. E. Gullage. 2013. Application of distance sampling to
determine calving ground abundance and aggregation of parturient females in the
Middle Ridge herd, June 2012. Technical Bulletin No. 005, Sustainable
Development and Strategic Science, Department of Environment and
Conservation. St. John’s, Newfoundland and Labrador, Canada.
Fortin, D., P. Buono, O. J. Schmitz, N. Courbin, C. Losier, P. Drapeau, S. Heppell, C.
Dussault, V. Brodeur, and J. Mainguy. 2015. A spatial theory for characterizing
predator – multiprey interactions in heterogeneous landscapes. Proceedings of the
Royal Society B 282:20150973.
Gillies, C. S., M. Hebblewhite, S. E. Nielsen, M. A. Krawchuk, C. L. Aldridge, J. L.
Frair, D. J. Saher, C. E. Stevens, and C. L. Jerde. 2006. Application of random
effects to the study of resource selection by animals. Journal of Animal Ecology
75:887–898.
Graham, M. H. 2003. Confronting multicollinearity in ecological multiple regression.
Ecology 84:2809–2815.
Griffin, K. A., M. Hebblewhite, H. S. Robinson, P. Zager, S. M. Barber-Meyer, D.
Christianson, S. Creel, N. C. Harris, M. A. Hurley, D. H. Jackson, B. K. Johnson,
W. L. Myers, J. D. Raithel, M. Schlegel, B. L. Smith, C. White, and P. J. White.
2011. Neonatal mortality of elk driven by climate, predator phenology and
predator community composition. Journal of Animal Ecology 80:1246–1257.
Hebblewhite, M., E. H. Merrill, and T. L. Mcdonald. 2005. Spatial decomposition of
predation risk using resource selection functions: an example in a wolf-elkpredator-prey system. Oikos 1:101–111.

42

Hebblewhite, M., E. Merrill, and G. McDermid. 2008. A multi-scale test of the forage
maturation hypothesis in a partially migratory ungulate population. Ecological
Monographs 78:141–166.
Holling, C. S. 1959. The components of predation as revealed by a study of small
mammal predation of the European pine sawfly. Canadian Entomologist 91:293–
320.
Holt, R. D. 1977. Predation, apparent competition, and the structure of prey communities.
Theoretical Population Biology 12:197–229.
Hopcraft, J. G. C., A. R. E. Sinclair, and C. Packer. 2005. Planning for success: Serengeti
lions seek prey accessibility rather than abundance. Journal of Animal Ecology
74:559–566.
Kauffman, M. J., N. Varley, D. W. Smith, D. R. Stahler, D. R. MacNulty, and M. S.
Boyce. 2007. Landscape heterogeneity shapes predation in a newly restored
predator-prey system. Ecology Letters 10:690–700.
Krebs, C. J., S. Boutin, R. Boonstra, A. R. E. Sinclair, J. N. M. Smith, M. R. T. Dale, K.
Martin, and R. Turkington. 1995. Impact of food and predation on the snowshoe
hare cycle. Science 269:1112–1115.
Latham, A. D. M., M. C. Latham, and M. S. Boyce. 2011. Habitat selection and spatial
relationships of black bears (Ursus americanus) with woodland caribou (Rangifer
tarandus caribou) in northeastern Alberta. Canadian Journal of Zoology 89:267–
277.

43

Latombe, G., D. Fortin, and L. Parrott. 2014. Spatio-temporal dynamics in the response
of woodland caribou and moose to the passage of grey wolf. Journal of Animal
Ecology 83:185–198.
Lima, S. L. 2002. Putting predators back into behavioral predator-prey interactions.
Trends in Ecology and Evolution 17:70–75.
Lima, S. L., and L. M. Dill. 1990. Behavioral decisions made under the risk of predation:
a review and prospectus. Canadian Journal of Zoology 68:619–640.
MacArthur, R. H., and E. R. Pianka. 1966. On optimal use of a patchy environment. The
American Naturalist 100:603–609.
Mahoney, S. P., K. P. Lewis, J. N. Weir, S. F. Morrison, J. G. Luther, J. A. Schaefer, D.
Pouliot, and R. Latifovic. 2016. Woodland caribou calf mortality in
Newfoundland: insights into the role of climate, predation and population density
over three decades of study. Population Ecology 58:91–103.
Manly, B. F. J., L. L. McDonald, D. L. Thomas, T. L. McDonald, and W. P. Erickson.
2002. Resource selection by animals: statistical design and analysis for field
studies. Second edition. Kluwer Academic Publishers, Dordrecht, The
Netherlands.
Moreau, G., D. Fortin, S. Couturier, and T. Duchesne. 2012. Multi-level functional
responses for wildlife conservation: the case of threatened caribou in managed
boreal forests. Journal of Applied Ecology 49:611–620.
Mumma, M. A., C. E. Soulliere, S. P. Mahoney, and L. P. Waits. 2014. Enhanced
understanding of predator-prey relationships using molecular methods to identify
predator species, individual and sex. Molecular Ecology Resources 14:100–108.

44

Murray, D. L., S. Boutin, and M. O’Donoghue. 1994. Winter habitat selection by lynx
and coyotes in relation to snowshoe hare abundance. Canadian Journal of Zoology
72:1444–1451.
Mysterud, A., and R. A. Ims. 1998. Functional responses in habitat use: availability
influences relative use in trade-off situations. Ecology 79:1435–1441.
Noyce, K. V., P. B. Kannowski, and M. R. Riggs. 1997. Black bears as ant-eaters:
seasonal associations between bear myrmecophagy and ant ecology in northcentral Minnesota. Canadian Journal of Zoology 75:1671–1686.
Orians, G. H., P. A. Cochran, J. W. Duffield, T. K. Fuller, R. J. Gutierrez, W. M.
Hanemann, F. C. James, P. Kareiva, S. R. Kellert, D. Klein, B. N. McLellan, P. D.
Olson, and G. Yaska. 1997. Wolves, bears, and their prey in Alaska: biological
and social challenges in wildlife management. National Academy Press,
Washington, D.C., USA.
Pereira, L. M., N. Owen-Smith, and M. Moleón. 2014. Facultative predation and
scavenging by mammalian carnivores: seasonal, regional and intra-guild
comparisons. Mammal Review 44:44–55.
Peters, W., M. Hebblewhite, M. Cavedon, L. Pedrotti, A. Mustoni, F. Zibordi, C. Groff,
M. Zanin, and F. Cagnacci. 2015. Resource selection and connectivity reveal
conservation challenges for reintroduced brown bears in the Italian Alps.
Biological Conservation 186:123–133.
Preisser, E. L., J. L. Orrock, and O. J. Schmitz. 2007. Predator hunting mode and habitat
domain alter nonconsumptive effects in predator-prey interactions. Ecology
88:2744–2751.

45

R Development Core Team. 2013. R: a language and environment for statistical
computing. Vienna, Austria.
Rayl, N. D., T. K. Fuller, J. F. Organ, J. E. McDonald, S. P. Mahoney, C. Soulliere, S. E.
Gullage, T. Hodder, F. Norman, T. Porter, G. Bastille-Rousseau, J. A. Schaefer,
and D. L. Murray. 2014. Mapping the distribution of a prey resource: neonate
caribou in Newfoundland. Journal of Mammalogy 95:328–339.
Rayl, N. D., T. K. Fuller, J. F. Organ, J. E. McDonald, R. D. Otto, G. Bastille-Rousseau,
C. E. Soulliere, and S. P. Mahoney. 2015. Spatiotemporal variation in the
distribution of potential predators of a resource pulse: black bears and caribou
calves in Newfoundland. Journal of Wildlife Management 79:1041–1050.
Reynolds, H. V., and G. W. Garner. 1987. Patterns of grizzly bear predation on caribou in
northern Alaska. International Conference on Bear Research and Management
7:59–67.
Roff, D. A. 1996. The evolution of threshold traits in animals. Quarterly Review of
Biology 71:3–35.
Schmitz, O. J. 1998. Direct and indirect effects of predation and predation risk in oldfield interaction webs. The American Naturalist 151:327–342.
Schmitz, O. J. 2008. Effects of predator hunting mode on grassland ecosystem function.
Science 319:952–954.
Solomon, M. E. 1949. The natural control of animal populations. Journal of Animal
Ecology 18:1–35.
Tilman, D. 1978. Cherries, ants and tent caterpillars: timing of nectar production in
relation to susceptibility of caterpillars to ant predation. Ecology 59:686–692.

46

Wirsing, A. J., T. D. Steury, and D. L. Murray. 2002. Relationship between body
condition and vulnerability to predation in red squirrels and snowshoe hares.
Journal of Mammalogy 83:707–715.
Zager, P., and J. Beecham. 2006. The role of American black bears and brown bears as
predators on ungulates in North America. Ursus 17:95–108.
Zieminski, C. J. 2016. Trophic relationships among caribou calf predators in
Newfoundland. M.S. Thesis. University of Massachusetts, Amherst, MA, USA.

47

Figures

Figure 2.1. Kill-site locations of caribou calves from the Middle Ridge North calving
grounds killed by black bears (n = 61), Global Positioning System (GPS) locations of
black bears that visited (n = 9 individuals; 5,648 locations) and did not visit the calving
grounds (n = 12; 6,396), and GPS locations of adult female caribou from the Middle
Ridge North calving grounds (n = 34; 47,088), Newfoundland, Canada, 27 May-30 June
2003-2013. Note that the majority of the GPS locations of adult female caribou (75% of
which occurred within the calving grounds) are obscured by locations of kill sites and
visiting bears.
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Figure 2.2. Relative probability of occurrence of kill sites of caribou calves from the
Middle Ridge North calving grounds of the Middle Ridge herd killed by black bears,
Newfoundland, Canada, 27 May-30 June, 2003-2013, as a function of (a) the local-scale
landcover, as measured by the proportion of a specific landcover type within a 100-m
radius of the kill-site, (b) the elevation of the kill-site, and (c) the landscape-scale
landcover, as measured by the proportion of a specific landcover type within a 5-km
radius of the kill-site. Each predictor variable was plotted within its observed range
(except for the conifer scrub, water, barrens, and heathland variables in panel (a), which
were truncated at 0.96 so that the total proportion of local-scale landcover never exceeded
1 across the plotted range), while holding elevation and landscape-scale landcover
variables constant at their mean values and local-scale landcover variables constant at
0.01. Note that at low values of landcover proportion in panel (a), wetlands landcover,
which was subsumed in the model intercept, comprises the majority of the cover.
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Figure 2.3. (a) The estimated daily cumulative number of caribou calves killed by black
bears, coyotes, and other causes, and the estimated daily number of alive calves. (b) The
estimated daily number of caribou calves killed by black bears, coyotes, and other causes
from the Middle Ridge North calving grounds of the Middle Ridge herd, Newfoundland,
Canada, 20 May-15 November 2003-2013.
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Figure 2.4. Relationship between the estimated daily kill rates of black bears killing
caribou calves and the daily number of alive calves from the Middle Ridge North calving
grounds of the Middle Ridge herd, Newfoundland, Canada, 20 May-30 June 2003-2013.
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Figure 2.5. Relative probability of occurrence of black bears that (a) visited (visitors) and
(b) did not visit (non-visitors) the Middle Ridge North calving grounds of the Middle
Ridge caribou herd as a function of the relative abundance of vegetation biomass, the
relative abundance of ant colonies, the relative probability of occurrence of adult female
caribou, and the relative probability of occurrence of kill sites of caribou calves killed by
black bears, Newfoundland, Canada, 27 May-30 June 2008-2013. Each predictor variable
was plotted within its observed range while holding other variables constant at their mean
values.
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Figure 2.6. Relative probability of occurrence of black bears that visited the Middle
Ridge North calving grounds of the Middle Ridge caribou herd (visitors) as a function of
(a) the relative abundance of vegetation biomass and the daily number of caribou calves
killed by black bears (daily kills), (b) the relative abundance of ant colonies and daily
kills, (c) the relative probability of occurrence of adult female caribou and daily kills, and
(d) the relative probability of occurrence of kill sites of caribou calves killed by black
bears (kill sites) and daily kills, Newfoundland, Canada, 27 May-30 June 2008-2013.
Each predictor variable was plotted within its observed range while holding other
variables constant at their mean values, except daily kills, which were plotted at the
discrete values labeled in the panel legends.
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CHAPTER 3
VARIABLE RESOURCE SELECTION PATTERNS OF BLACK BEARS IN
AREAS WITH AND WITHOUT ACCESS TO CARIBOU CALVES ON THE
ISLAND OF NEWFOUNDLAND, CANADA
Abstract
The synchronous birth of calves in ungulate populations provides a seasonal
resource pulse that may influence the space-use of predators. In the last two decades,
caribou (Rangifer tarandus) on the island of Newfoundland, Canada have declined by
66%, with predation by black bears (Ursus americanus) identified as a primary proximate
factor limiting the caribou population. Most bear predation of calves occurs when caribou
are aggregated on calving grounds during the month of June. Some bears living within
caribou herd ranges visit calving grounds (visitors) during this time, and thus have
opportunities to prey on calves, whereas others do not (non-visitors). We used telemetry
data from 56 bears during the caribou calving season to evaluate differences in resource
selection patterns between 4 visitor and 2 non-visitor populations living within the ranges
of four caribou herds. We hypothesized that the presence or absence of caribou calves
would influence bear resource selection patterns. We predicted that visitors would show
stronger selection than non-visitors for local-scale features that increased calf
vulnerability to bear predation and for local-scale features that increased encounter rates
with caribou calves. At the landscape scale, we predicted that visitors would select areas
where the likelihood of encountering caribou calves was high, whereas we expected nonvisitors to avoid these areas. At the local-scale, we found only partial support for our
predictions. Overall, visitors showed stronger selection for landscape features associated
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with increased mortality risk for calves, but selection patterns were not entirely consistent
among visitors and non-visitors. Similarly, we found only mixed support for our
prediction that visitors would display stronger selection for local-scale features that
increased encounter rates with calves. At the landscape-scale, however, we found
stronger support for our prediction, with most visitors displaying stronger selection for
open landscape features associated with an increased probability of encountering caribou
calves. Large differences in calf density among caribou herds may account for the
variable responses in bear resource selection we observed. Were we to restrict our
analysis to direct comparisons between high-density visitor populations and non-visitors,
we would find greater support for both our local- and landscape-scale hypotheses.
Introduction
Understanding the factors that influence the distribution of animals on the
landscape is fundamental to wildlife management, conservation, and ecology. Knowledge
about these factors can be used to help inform conservation planning (Johnson et al.
2004), reduce human-wildlife conflict (Dellinger et al. 2013), and manage predator-prey
interactions (Courbin et al. 2009). As animals forage for food, mate, and raise young,
they select habitats to meet their basic requirements for survival. These resource selection
patterns may be shaped by an animal’s reproductive status (McLoughlin et al. 2002), the
availability of prey or other resources (Murray et al. 1994, Chapter 2), landscape
composition (Morellet et al. 2011), the distribution of predators (Bastille-Rousseau et al.
2015), or other factors.
In the last 40 years, the semi-migratory caribou (Rangifer tarandus) population on
the island of Newfoundland, Canada experienced a period of exponential growth
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followed by a period of rapid decline. During both population phases, black bear (Ursus
americanus) predation of caribou calves was identified as a significant source of
mortality (Mahoney et al. 1990, 2016, Bastille-Rousseau et al. 2016). Over the last two
decades, predation by coyotes (Canis latrans) and black bears has been identified as the
primary proximate factor limiting the caribou population (Weir et al. 2014). During this
time, the estimated caribou population in Newfoundland has decreased from ~94,000 to
~32,000 individuals.
Parturient caribou in Newfoundland aggregate on calving grounds to give
synchronized birth at the end of May, and remain aggregated on calving grounds through
the month of June (Bergerud 1974, Rayl et al. 2014). Most bear predation of caribou
calves occurs during this time (Mahoney et al. 2016). Previously, we determined that
some black bears living within caribou herd ranges visited caribou calving grounds when
calves were present, whereas others did not (Rayl et al. 2015). Therefore, some bears had
opportunities to prey on caribou calves (hereafter, visitors; Rayl et al. 2015), and some
did not (hereafter, non-visitors).
Because caribou calves are highly vulnerable to predation throughout their range,
female caribou have developed space-use strategies to mitigate predation (Bergerud
1988, 1996). In addition to aggregating on calving grounds during the calving period,
caribou in Newfoundland exhibit space-use patterns that reduce the probability of
encounter with black bears, and they select open habitats, while avoiding forested
habitats (Chapter 2, Bastille-Rousseau et al. 2015). In Chapter 2, we demonstrated that
landscape heterogeneity at both local- and landscape-scales influenced caribou calf
vulnerability to black bear predation in one herd range in Newfoundland. Further, we
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demonstrated that bears with access to calves (visitors) in this area exhibited divergent
foraging patterns from bears without access to this prey resource (non-visitors). We
found that visitors displayed strong selection for areas where they were more likely to kill
calves, and also for areas where they were more likely to encounter calves. Interestingly,
non-visitors also showed strong selection for landscape characteristics associated with the
distribution of female caribou, even though non-visitors occupied areas with little or no
female caribou.
Because we assessed resource selection of bears in Chapter 2 using multivariate
probability surfaces, we could not identify the specific landscape features selected or
avoided by visitors and non-visitors during the calving season. Here, we expand our
investigation from Chapter 2, using a resource selection framework with traditional
environmental covariates to identify the landscape features associated with the
distribution of visitors and non-visitors during the calving season. Specifically, we
investigated the space-use patterns of 4 visitor and 2 non-visitor groups occupying areas
with notably different landscape composition in Newfoundland. Examining differences in
resource selection patterns between visitors and non-visitors across the island provides a
strong comparative framework to investigate how landscape composition and the
presence or absence of caribou calf prey influences bear resource selection. We
hypothesized that the presence or absence of calves would be a stronger driver of
resource selection patterns than variation in landscape composition among areas. At the
local-scale, we predicted that visitor space-use would be driven both by selection for
landscape features that increased calf vulnerability to bear predation and for landscape
features that increased encounter rates with caribou calves. Accordingly, we predicted
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that visitors would show stronger selection than non-visitors for local-scale features that
increased predation risk for calves (conifer scrub, water, higher elevations; Chapter 2),
and for local-scale features preferred by caribou (open habitats [heathland, barrens];
Chapter 2, Bastille-Rousseau et al. 2015). Further, we expected that visitors would show
greater selection for areas far from forest cover. At the landscape scale, we predicted that
visitors would select areas where the likelihood of encountering caribou calves was high
(open habitats; Bastille-Rousseau et al. 2015), whereas we expected non-visitors to avoid
these areas.
Methods
Study Area
The island of Newfoundland, Canada (108,860 km2; 47°44-N, 59°28-W to 51°44N, 52°38-W), is a mixture of bogs, heaths, barrens, and coniferous and mixed forests,
with a cool maritime climate. We studied black bears in 3 study areas associated with the
ranges of caribou herds in Newfoundland (Fig. 1). The La Poile study area (10,916 km2)
encompassed the range of the La Poile herd. The Middle Ridge study area (13,243 km2)
encompassed the range of the Middle Ridge herd, the largest caribou herd in
Newfoundland. The Northern Peninsula study area (5,391 km2) encompassed the
northern portion of the range of the Northern Peninsula herd and the entire range of the
St. Anthony herd. The La Poile, Middle Ridge, and Northern Peninsula herds are
indigenous caribou herds, whereas the St. Anthony herd originated from a series of
introductions of caribou from elsewhere on the island in the late 1970s and early 1980s
(Bergerud and Mercer 1989). Population estimates for these herds, derived from markresight aerial surveys (Mahoney et al. 1998, Mahoney and Schaefer 2002), were ~4,200
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for La Poile caribou in 2011, ~10,400 for Middle Ridge caribou in 2013, ~2,800 for
Northern Peninsula caribou in 2012, and ~2,500 for St. Anthony caribou in 2012
(Government of Newfoundland and Labrador, unpublished data). The population of
caribou in our study areas comprised approximately 50% of the total number of caribou
in Newfoundland. To characterize the landcover of Newfoundland, we used a series of
Landsat 7 scenes with a resolution of 30-m2 that were initially classified into 9 landcover
types that we collapsed into 6 types: 1) forest (conifer, deciduous, and mixed forest), 2)
conifer scrub (stunted conifer forest), 3) wetlands (fens and bogs), 4) barrens (barrens,
rocky, and other open habitats), 5) heathland (lichen and heathland habitats), and 6) water
(lakes, ponds, rivers, and streams). We did not consider anthropogenic disturbance, an
extremely rare landcover type, in our analyses. We calculated topographic variables from
a 25-m2 resolution digital elevation model.
Black Bear Collaring and Monitoring
We captured black bears >2 years of age using Alrich foot snares or by darting
them from a helicopter during May-October 2008-2012 and fitted them with Global
Positioning System (GPS) collars programmed to acquire a location every 1 or 2 h (GPS
4400M, IridiumTrack3D, Lotek Wireless Inc., New Market, ON, Canada; G2110E,
Advanced Telemetry Systems [ATS], Isanti, MN). For both capture methods we
administered a mixture of tiletamine-zolazepam intramuscularly with a CO2-powered
pistol at a dosage of 4–7 mg/kg to immobilize bears. We monitored collared bears from
2008-2013.
Previously, we determined that female caribou and their calves were aggregated
on calving grounds from the onset of calving (20 May) until 30 June (Rayl et al. 2014),
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and that some black bears visited the calving grounds when calves were present, whereas
others did not (Rayl et al. 2015). Most bear predation of caribou calves occurred during
this time (Mahoney et al. 2016). Following Rayl et al. (2015), we designated this time
period as the calving season, and removed bear-years with <15 days of GPS data in a
calving season. During the calving season, some black bears living within our study areas
visited caribou calving grounds (hereafter, visitors), and therefore had opportunities to
prey on calves, whereas others did not (hereafter, non-visitors; Rayl et al. 2015, Chapter
2).
We collared 6 visitors (4 F, 2 M, 9 bear-years, 3,876 locations) and 9 non-visitors
(5 F, 4 M, 14 bear-years, 5,094 locations) in the range of the La Poile caribou herd (Fig.
2). Most females from the Middle Ridge herd calved in an area called Middle Ridge
North, but <5% calved in an area called Middle Ridge South (Fifield et al. 2013, Rayl et
al. 2014). We collared 9 visitors (3 F, 6 M, 18 bear-years, 6,659 locations) to the Middle
Ridge North calving grounds, 7 visitors (2 F, 5 M, 9 bear-years, 2,233 locations) to the
Middle Ridge South calving grounds, and 13 non-visitors (5 F, 8 M, 21 bear-years, 8,529
locations) living within the Middle Ridge herd range that visited neither calving ground
during the calving season. We removed one bear-year from our analysis because that
individual visited both the Middle Ridge North and Middle Ridge South calving grounds
(not listed in sample size above). We also removed a bear within the range of the Middle
Ridge herd that was located in an area that lacked Landsat 7 coverage (not listed in
sample size above). We collared 12 visitors (5 F, 7 M, 16 bear-years, 6,828 locations) in
the range of the Northern Peninsula and St. Anthony caribou herds. Although female
caribou from the Northern Peninsula and St. Anthony herds remained segregated in their

60

respective calving grounds during the calving season, Northern Peninsula visitors spent
time in the calving grounds of both herds. Animal capture and handling procedures
conformed to guidelines established by the American Society of Mammalogists (Sikes et
al. 2011) and were approved by the University of Massachusetts Amherst Institutional
Animal Care and Use Committee (Protocol 2009-0047).
Resource Selection of Black Bears
We estimated the distribution of black bears during the calving season by
developing resource selection functions (RSFs; Manly et al. 2002) estimating the relative
probability of selection of bears using a generalized linear mixed model (GLMM) with a
binomial distribution, logit link, and individual-year as the random effect (Gillies et al.
2006). We compared the landscape attributes of used locations of black bears (coded as
1) with an equal number of randomly sampled available locations (coded as 0) drawn
from within the 100% minimum convex polygons (MCP) of each bear in each calving
season. We characterized each location by its local-scale landcover (30-m2 Landsat 7
pixel), landscape-scale landcover (proportion of each landcover type within a 5-km radius
buffer), elevation, slope, and distance to cover (distance to forest or conifer scrub
landcover). We included local-scale landcover types using dummy variable coding, using
‘wetlands’, the most abundant landcover type, as the reference category. We rescaled
elevation and slope between 0-1 to facilitate model convergence. To characterize the
composition of the landscape available to black bears, we estimated the availability of
each landcover type in the range of each visitor and non-visitor group using our randomly
sampled available locations to define availability. We also estimated the availability of
open and closed landcover in the same manner. We defined open landcover as the
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proportion of heathland, barren and wetland landcover, and we defined closed landcover
as the proportion of forest and conifer scrub landcover.
Because our objective was to assess the influence of caribou prey and geographic
area on bear resource selection, we initially attempted to build RSFs that included twoway interactions between environmental covariates and groups. These models did not
converge. Therefore, we estimated RSFs separately for each group of visitors (La Poile,
Middle Ridge North, Middle Ridge South, Northern Peninsula) and non-visitors (La
Poile, Middle Ridge). To be able to compare variation among groups, we needed to use a
consistent set of parameters across all RSFs. Otherwise, coefficients among RSFs would
not be directly comparable (Hosmer and Lemeshow 2000). To identify a consistent set of
parameters we first screened potential explanatory variables for collinearity using
Pearson’s correlation coefficient with a threshold for inclusion of |r| > 0.7. Next, we
screened for multicollinearity using the variance inflation factor (VIF; Graham 2003),
removing variables with VIF > 5 (Zuur et al. 2009). Landscape-scale forest (5 km) was
removed during this screening process (VIF > 5). Our RSFs for each group took the
form:
w(x) = exp(β1 x1 + … + βu xuij + … + βu xu + γ0j)

(1)

where w(x) represented the RSF scores, βu was the selection coefficient for explanatory
variable xu, and γ0j was the random intercept for the jth individual-year. We assessed
differences in resource selection among groups by comparing 95% confidence intervals
of estimated beta coefficients for each covariate. We considered differences between
groups to be significant if confidence intervals did not overlap (cf. Hebblewhite et al.
2005). We derived maximum-likelihood estimates (MLEs) for GLMMs using adaptive
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Gauss-Hermite approximation with 5 integration points (Bolker et al. 2009). To evaluate
the robustness of the top RSF models, we used 100 repetitions of 5-fold cross validation
with 10 bins of equal size, calculating the average Spearman rank correlation (rs) between
the withheld data and the ranked bins (Boyce et al. 2002). We conducted all analyses in
program R version 3.0.2 (R Development Core Team 2013), using lme4 to calculate
GLMMs.
Density of Caribou Calves
We estimated the annual number of caribou calves born in each calving ground by
multiplying the population estimate of each herd by the estimated proportion of adult
females in the herd by the estimated productivity of the herd. We estimated demographic
parameters from mark-resight and classification aerial surveys (Government of
Newfoundland and Labrador, unpublished data). We used estimates from aerial distance
sampling surveys to calculate the proportion of the Middle Ridge herd that calved in
Middle Ridge North and Middle Ridge South (Fifield et al. 2013). To estimate the annual
population size of the Northern Peninsula herd that used the calved ground in our study
area, we multiplied the annual population estimate for the entire herd by the proportion of
collared female caribou from the Northern Peninsula herd that were within our study area
during the calving season (N. Rayl, unpublished data; Rayl et al. 2014). We then
estimated the annual density of caribou calves for each calving ground by dividing the
annual number of caribou calves born in each calving ground by the estimated area of the
calving ground (Rayl et al. 2014).
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Results
During the calving season, the availability of open landcover was greatest for
Middle Ridge North and Middle Ridge South visitors, followed by La Poile visitors,
Middle Ridge non-visitors, Northern Peninsula visitors and La Poile non-visitors (Table
1, Fig. 3). At the local-scale, La Poile visitors selected forest, conifer scrub, heathland,
and water landcover, and did not respond to barren landcover (Table 2, Fig. 4). At the
landscape-scale, La Poile visitors selected areas with a higher proportion of conifer scrub,
heathland, barren, and water. They also selected for lower elevations, steeper slopes, and
areas closer to cover. The RSF for La Poile visitors had high predictive capacity as
indicated by its cross-validation score (rs = 0.98).
At the local-scale, La Poile non-visitors selected forest and conifer scrub
landcover, avoided water, and did not respond to heathland or barren landcover (Table 3,
Fig. 4). At the landscape-scale, La Poile non-visitors selected areas with a higher
proportion of conifer scrub, avoided areas with a higher proportion of heathland and
barren landcover, and did not respond to landscape-scale changes in the proportion of
water. They also selected for lower elevations, steeper slopes, and areas closer to cover.
The RSF for La Poile non-visitors had high predictive capacity as indicated by its crossvalidation score (rs = 0.82).
At the local-scale, Middle Ridge North visitors selected forest, conifer scrub,
heathland, barren, and water landcover (Table 4, Fig. 4). At the landscape-scale, Middle
Ridge North visitors selected areas with higher proportions of heathland and barren
landcover, avoided areas with higher proportions of conifer scrub landcover, and did not
respond to landscape-scale changes in the proportion of water. They also selected for
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steeper slopes and areas closer to cover, and did not respond to changes in elevation. The
RSF for Middle Ridge North visitors had extremely high predictive capacity as indicated
by its cross-validation score (rs = 0.97).
Middle Ridge South visitors selected forest, conifer scrub, heathland, and water
landcover at the local-scale, and did not respond to barren landcover (Table 5, Fig. 4).
Middle Ridge South visitors selected for areas with higher proportions of heathland and
barren landcover at the landscape-scale, and did not respond to changes in the proportion
conifer scrub or water. They also selected for higher elevations and areas closer to cover,
and did not respond to changes in slope. The RSF for Middle Ridge South visitors had
high predictive capacity as indicated by its cross-validation score (rs = 0.93).
At the local-scale, Middle Ridge non-visitors selected forest, conifer scrub,
heathland, barren, and water landcover (Table 6, Fig. 4). At the landscape-scale, Middle
Ridge non-visitors selected areas with higher proportions of barren and water landcover,
avoided areas with higher proportions of conifer scrub landcover, and did not respond to
changes in the proportion of heathland landcover. Middle Ridge non-visitors selected
lower elevations and areas closer to cover, and did not respond to changes in slope. The
RSF for Middle Ridge non-visitors had high predictive capacity as indicated by its crossvalidation score (rs = 0.96).
Northern Peninsula visitors selected forest and barren landcover at the local-scale,
avoided water landcover, and did not respond to conifer scrub or heathland landcover
(Table 7, Fig. 4). At the landscape-scale, Northern Peninsula visitors selected areas with
higher proportions of conifer scrub, barren, and water landcover, and avoided areas with
higher proportions of heathland landcover. They also selected for lower elevations,
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steeper slopes, and areas closer to cover. The RSF for Northern Peninsula visitors had
high predictive capacity as indicated by its cross-validation score (rs = 0.97).
The estimated density of caribou calves was greatest in the Middle Ridge North
calving grounds (𝑥̅ = 5.69 calves/km2), followed by the La Poile (𝑥̅ = 3.10 calves/km2),
St. Anthony (𝑥̅ = 0.65 calves/km2), Northern Peninsula (𝑥̅ = 0.43 calves/km2), and
Middle Ridge South (𝑥̅ = 0.41 calves/km2) calving grounds (Table 8).
Discussion
Although black bears are not obligate carnivores, they are known to prey heavily
on seasonally abundant, temporarily vulnerable ungulate calves (Franzmann et al. 1980,
Mahoney et al. 1990, Kunkel and Mech 1994, Smith and Anderson 1996). The protein
they acquire from calf predation may be especially important during the spring and early
summer, when emerging vegetation in the boreal forest may be insufficient to fulfill
maintenance requirements (Wilton 1983, Schwartz and Franzmann 1991). Newfoundland
lacks hard mast, has unproductive soil, and a short growing season. Thus, animal protein
may be a particularly valuable and important food resource for bears in this system.
Previously, we demonstrated that Middle Ridge North visitors displayed strong selection
for areas where they were more likely to kill calves, and also for areas where they were
more likely to encounter calves (Chapter 2). Thus, we expected that the resource
selection of bears with access to caribou calves would be influenced by the presence of
caribou calf prey across the island of Newfoundland.
As an ambush predator, we predicted that black bears would select landscape
features demonstrated to increase vulnerability of caribou calves to predation in the
Middle Ridge North calving grounds. Accordingly, at the local-scale, we predicted that
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visitors would show stronger selection than non-visitors for conifer scrub and water
landcover (Chapter 2). We found only partial support for this hypothesis. As we
predicted, in both La Poile and Middle Ridge North, visitors showed stronger selection
for conifer scrub and water landcover than non-visitors in those areas. In contrast, we
detected no difference in selection for local-scale conifer scrub and water between
Middle Ridge South visitors and Middle Ridge non-visitors, and Northern Peninsula
visitors exhibited no response to conifer scrub and avoided water (Tables 2-7, Fig. 4). We
also predicted that visitors would show stronger selection than non-visitors for higher
elevations, another landscape feature associated with increased predation risk for calves
in Middle Ridge North (Chapter 2). Instead, we found that all visitors and non-visitors
either avoided or did not select for higher elevations, except for Middle Ridge South
visitors, which selected areas of higher elevation (Tables 2-7, Fig 4).
In Chapter 2, we modeled the influence of landscape features on predation risk by
comparing kill site locations to adult female caribou locations. This framework removed
the influence of the probability of encountering female caribou from the influence of
landscape features on predation risk. Thus, the impact of landscape features on predation
risk we identified was due either to their influence on the outcome of encounters (i.e.,
increasing vulnerability given an encounter) or their influence on the probability of
encountering black bears. In Chapter 2, we assumed that local-scale landscape features
influenced calf vulnerability principally by altering the outcome of black bear-caribou
calf encounters. Here, however, we demonstrated that there was also an increased
probability of encountering visitors in local-scale conifer scrub and water, indicating that
increased encounter rates likely also played a role in the increased risk associated with
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these features. Similarly, we had assumed that the effect of elevation on mortality risk
was due to an increased frequency of encounters with black bears at higher elevations.
Surprisingly, however, there was primarily a decreased probability of encountering
visitors at higher elevations, indicating that the increased risk associated with higher
elevation sites was likely due to increased vulnerability of calves at these sites given an
encounter with bears. We are uncertain what site characteristics at higher elevations
influenced risk, but speculate that the terrain or the structure and composition of
vegetation at higher elevations may have increased predation success of bears.
We observed local-scale selection for forest landcover across all visitor and nonvisitor groups (Tables 2-7, Fig. 4). In our analyses, this universal consistency in
preference among groups was matched only by invariable avoidance of areas far from
cover. Although the association between black bears and forest cover is well established
across much of their range (Pelton 2003), this relationship is more varied in the boreal
forest. For example, in one area of the boreal forest of Quebec, Brodeur et al. (2008)
found that black bears avoided mature coniferous forests, whereas in another area of
Quebec, Mosnier et al. (2008) found variable responses of selection and avoidance for
mature coniferous forests, depending on season. Although our forest landcover layer was
a composite of conifer, deciduous, and mixed forest, the vast majority of it was conifer
forest. We believe that black bears in Newfoundland were using forest landcover
primarily for resting and thermal cover in an open landscape where up to 50% of the
available habitat did not provide cover (Table 1). Among landcover types, we found that
bears were least active in forest (N.D. Rayl, unpublished data), and it was the least
productive for vegetation and ants (Appendix S3: Table S3.1). Additionally, increased
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proportions of forest within 100 m of kill sites did not increase calf risk, despite the
stalking and ambush cover that it presumably provided (Chapter 2).
Predators frequently hunt by preferentially selecting areas where they are most
successful at killing prey (Hopcraft et al. 2005) or by selecting areas where they are most
likely to encounter prey (Murray et al. 1994). Previously, we demonstrated that Middle
Ridge North visitors used both of these foraging strategies when hunting caribou calves
(Chapter 2). Bastille-Rousseau et al. (2015) showed that female caribou in Newfoundland
generally selected open habitats, while avoiding forested habitats at both local- and
landscape-scales. Therefore, we predicted that visitors would show stronger selection
than non-visitors at both the local- and landscape-scale for landscape characteristics that
increased their encounter rates with calves (open habitat features, areas farther from
forest cover). At the local-scale, we found only mixed support for this hypothesis. La
Poile and Middle Ridge North visitors both showed stronger selection for heathland
landcover than non-visitors. We detected no difference in selection between Middle
Ridge South visitors and Middle Ridge non-visitors, however, and Northern Peninsula
visitors did not respond to local-scale heathland landcover (Tables 2-7, Fig. 4). Selection
patterns for local-scale barren landcover did not support our prediction. Similarly,
support for our prediction that visitors would select areas farther from forest cover was
equivocal. Northern Peninsula visitors selected areas closer to cover than any other
group, and we detected no differences between visitors and non-visitors in La Poile. In
Middle Ridge, however, both visitor groups selected areas farther from cover than nonvisitors. At the landscape-scale we found stronger support for our hypothesis. La Poile
and Middle Ridge North visitors both showed stronger selection for landscape-scale
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barren landcover than non-visitors. Additionally, only visitors selected landscape-scale
heathland landcover, though confidence intervals for Middle Ridge North visitors and
Middle Ridge non-visitors overlapped (Tables 2-7, Fig. 4). Alternatively, it is possible
that variation in selection for open landcover at both scales may have resulted because of
the distribution of some other resource, such as over-wintering partridgeberries
(Vaccinium vitis-idaea).
Large differences in calf density across our study areas may account for the
variable responses in bear resource selection we observed, and confound our ability to
interpret the relationship between selection and access to caribou calf prey. On the La
Poile and Middle Ridge North calving grounds higher calf densities presumably provided
greater predation opportunities for visitors (Table 8). In contrast, on the Middle Ridge
South, Northern Peninsula, and St. Anthony calving grounds calf density was low.
Therefore, it may not have been profitable for visitors to actively hunt calves in these
areas. Recent studies examining spatial relationships between black bears and caribou
neonates in two ecosystems with even lower densities of caribou calves found that most
bears avoided areas that maximized their probability of encountering calves (BastilleRousseau et al. 2011, Latham et al. 2011). This suggests that predation in those systems
resulted primarily from incidental encounters, although neither study evaluated whether
bears selected areas where calves were vulnerable to predation. Were we to restrict our
analysis to direct comparisons between high-density visitor populations (La Poile and
Middle Ridge North) and non-visitors, we would find greater support for both our localand landscape-scale hypotheses. Not surprisingly, given our hypotheses were based on
results from Chapter 2, differences between the resource selection patterns of Middle
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Ridge North visitors and Middle Ridge non-visitors, almost universally supported both
our local- and landscape-scale hypotheses (Tables 4, 6, Fig. 4).
Additionally, the multivariate nature of the landscape of predation risk and the
distribution of caribou calves may complicate our ability to discern whether or not
visitors were actively foraging for calves. Although our approach provided a
comprehensive understanding of the distribution of visitors and non-visitors as they
related to local- and landscape-scale landcover, it provided a less nuanced understanding
of bear selection patterns as they related to caribou calves. We used results from two
prior studies (Bastille-Rousseau et al. 2015, Chapter 2) to infer expected selection
patterns for visitors across the island of Newfoundland, but variation in calf density, bear
density, habitat availability, and the distribution of other prey resources may make the
spatial patterning of bear predation unique for each herd.
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Tables
Table 3.1. Estimated availability of open and closed landcover in the range of black bear
populations that did (visitors) and did not visit (non-visitors) the calving grounds of the
La Poile, Middle Ridge, Northern Peninsula, and St. Anthony caribou herds,
Newfoundland, Canada, 20 May-30 June 2009-2013.
Population

OpenA ClosedB

La Poile visitors

0.42

0.47

La Poile non-visitors

0.35

0.49

Middle Ridge North visitors

0.51

0.35

Middle Ridge South visitors

0.51

0.36

Middle Ridge non-visitors

0.38

0.48

Northern Peninsula visitors
0.37
0.50
A
Proportion of heathland, barren, and wetland landcover.
B
Proportion of forest and conifer scrub landcover.
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Table 3.2. Coefficients (β), standard errors (SE), 95% confidence intervals (CI), and the
variance estimate of the random intercept from the mixed-effects resource selection
function estimating the relative probability of selection of black bears that visited
(visitors) the calving grounds of the La Poile caribou herd, Newfoundland, Canada.
β

SE

Forest

1.350

0.098

1.157

1.542

Conifer scrub

0.996

0.083

0.832

1.159

Heathland

0.451

0.120

0.217

0.686

Barren

-0.322

0.197

-0.708

0.064

0.660

0.102

0.460

0.861

6.044

0.579

4.909

7.179

Heathland (5 km)

15.179

1.522

Barren (5 km)

5.756

1.069

3.661

7.852

Water (5 km)

6.891

1.197

4.544

9.238

Elevation

-0.782

0.238

-1.248

-0.315

2.389

0.305

1.791

2.986

-8.134

1.629

-11.328

-4.940

Variable

Water
Conifer scrub (5 km)

Slope
B

Distance to cover

A

95% CI

12.196 18.162

Random effect
Variance: 0.417
A
Landcover within a 5-km radius.
B
Distance to forest or conifer scrub.
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Table 3.3. Coefficients (β), standard errors (SE), 95% confidence intervals (CI), and the
variance estimate of the random intercept from the mixed-effects resource selection
function estimating the relative probability of selection of black bears within the range of
the La Poile caribou herd that did not visit the calving grounds (non-visitors),
Newfoundland, Canada.
β

SE

Forest

0.456

0.077

0.305

0.606

Conifer scrub

0.299

0.081

0.141

0.458

Heathland

0.010

0.089

-0.165

0.184

Barren

0.308

0.238

-0.158

0.775

Water

-0.439

0.106

-0.647 -0.231

Conifer scrub (5 km)A

1.221

0.361

Heathland (5 km)

-2.576

0.537

Barren (5 km)

-11.860 2.088 -15.953 -7.768

Water (5 km)

-0.812

0.673

-2.130

Elevation

-1.181

0.187

-1.547 -0.814

Slope

4.327

0.266

Variable

Distance to coverB

95% CI

0.514

1.928

-3.629 -1.522

3.806

0.507
4.848

-10.582 1.474 -13.471 -7.693

Random effect
Variance: 0.474
A
Landcover within a 5-km radius.
B
Distance to forest or conifer scrub.
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Table 3.4. Coefficients (β), standard errors (SE), 95% confidence intervals (CI), and the
variance estimate of the random intercept from the mixed-effects resource selection
function estimating the relative probability of selection of black bears that visited
(visitors) the Middle Ridge North calving grounds of the Middle Ridge caribou herd,
Newfoundland, Canada.
β

SE

Forest

1.382

0.064

1.257

1.507

Conifer scrub

0.968

0.057

0.856

1.079

Heathland

1.093

0.064

0.967

1.219

Barren

1.648

0.154

1.345

1.951

Water

0.538

0.068

0.405

0.671

Conifer scrub (5 km)A

-1.659

0.304

-2.256

-1.063

Heathland (5 km)

1.511

0.531

0.471

2.551

Barren (5 km)

23.075

2.637

17.906 28.244

Water (5 km)

-0.794

0.484

-1.742

0.154

Elevation

-0.065

0.457

-0.961

0.832

Slope

4.032

0.812

2.441

5.622

Distance to coverB

-8.011

0.653

-9.290

-6.732

Variable

95% CI

Random effect
Variance: 0.020
A
Landcover within a 5-km radius.
B
Distance to forest or conifer scrub.
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Table 3.5. Coefficients (β), standard errors (SE), 95% confidence intervals (CI), and the
variance estimate of the random intercept from the mixed-effects resource selection
function estimating the relative probability of selection of black bears that visited
(visitors) the Middle Ridge South calving grounds of the Middle Ridge caribou herd,
Newfoundland, Canada.
β

SE

Forest

1.397

0.115

1.171

1.622

Conifer scrub

0.660

0.115

0.435

0.884

Heathland

0.564

0.101

0.365

0.762

Barren

0.270

0.206

-0.133

0.673

0.365

0.128

0.113

0.616

1.433

0.845

-0.224

3.090

Heathland (5 km)

3.684

0.700

2.312

5.056

Barren (5 km)

5.182

1.150

2.927

7.436

Water (5 km)

1.474

0.937

-0.363

3.310

Elevation

1.352

0.454

0.462

2.243

0.174

0.464

-0.735

1.083

-4.529

0.873

-6.239 -2.818

Variable

Water
Conifer scrub (5 km)

Slope
B

Distance to cover

A

95% CI

Random effect
Variance: 0.002
A
Landcover within a 5-km radius.
B
Distance to forest or conifer scrub.
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Table 3.6. Coefficients (β), standard errors (SE), 95% confidence intervals (CI), and the
variance estimate of the random intercept from the mixed-effects resource selection
function estimating the relative probability of selection of black bears within the range of
the Middle Ridge caribou herd that did not visit the calving grounds (non-visitors),
Newfoundland, Canada.
β

SE

Forest

1.107

0.059

0.991

1.223

Conifer scrub

0.689

0.058

0.574

0.803

Heathland

0.827

0.065

0.700

0.953

Barren

1.020

0.169

0.688

1.352

Water

0.185

0.074

0.041

0.330

Conifer scrub (5 km)A

-2.454

0.492

-3.418

-1.490

Heathland (5 km)

-0.128

0.374

-0.862

0.605

Barren (5 km)

4.646

1.578

1.553

7.738

Water (5 km)

2.278

0.367

1.559

2.997

Elevation

-1.597

0.334

-2.252

-0.943

Slope

-0.445

0.508

-1.440

0.550

Distance to coverB

-15.452 0.931 -17.276 -13.628

Variable

95% CI

Random effect
Variance: 0.190
A
Landcover within a 5-km radius.
B
Distance to forest or conifer scrub.
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Table 3.7. Coefficients (β), standard errors (SE), 95% confidence intervals (CI), and the
variance estimate of the random intercept from the mixed-effects resource selection
function estimating the relative probability of selection of black bears that visited
(visitors) the calving grounds of the Northern Peninsula and St. Anthony caribou herds,
Newfoundland, Canada.
β

SE

Forest

0.247

0.060

0.129

0.365

Conifer scrub

0.083

0.062

-0.039

0.206

Heathland

-0.075

0.083

-0.238

0.088

Barren

0.550

0.110

0.333

0.766

-0.206

0.089

-0.381

-0.031

1.100

0.509

0.102

2.097

Heathland (5 km)

-1.728

0.414

-2.539

-0.916

Barren (5 km)

4.760

0.702

3.384

6.137

Water (5 km)

0.837

0.301

0.248

1.426

Elevation

-1.064

0.250

-1.553

-0.575

4.663

0.430

3.821

5.505

Variable

Water
Conifer scrub (5 km)

Slope
B

Distance to cover

A

95% CI

-33.851 1.942 -37.656 -30.045

Random effect
Variance: 0.046
A
Landcover within a 5-km radius.
B
Distance to conifer forest or conifer scrub.
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Table 3.8. Estimated annual caribou population size, proportion of adult females,
productivity, total calves born, and density of calves in the La Poile, Middle Ridge North,
Middle Ridge South, Northern Peninsula, and St. Anthony calving grounds,
Newfoundland, Canada.

Calving ground

Year Population size % Female Productivity Total calves Calves/km2

La Poile

2008

5,257

0.75

0.80A

3,150

3.54

2009

4,904

0.71

0.68

2,386

2.68

2010

4,551

0.66

0.81

2,439

2.74

2011

4,200

0.74

0.90

3,060

3.44

Middle Ridge North 2008

8,362

0.77

0.87

5,630

6.49

2009

8,378

0.71

0.87

5,197

5.99

2010

8,392

0.66

0.85

4,700

5.42

2011

8,910

0.65

0.77

4,483

5.17

2012

9,428

0.66

0.75

4,694

5.41

2013

9,945

0.61

0.82A

4,920

5.67

Middle Ridge South 2009

421

0.71

0.87

261

0.44

2010

422

0.66

0.85

236

0.40

2011

448

0.65

0.77

225

0.38

2012

474

0.66

0.75

236

0.40

2013

500

0.61

0.82A

249

0.42

Northern Peninsula 2009

2,131

0.62

0.71

943

0.53

2010

1,810

0.66

0.77

921

0.52

2011

1,490

0.61

0.74A

673

0.38

2012

1,169

0.60

0.74

519

0.29

2009

2,233

0.55

0.71

872

0.51

2010

2,304

0.60

0.77

1,058

0.62

2011

2,375

0.63

0.74

1,104

0.65

2012

2,446

0.75

0.74

1,359

0.80

St. AnthonyB
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A

No data available. Average of herd productivity from other years.
No productivity estimates available for St. Anthony herd. Estimates are from Northern
Peninsula herd.
B
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Figures

Figure 3.1. We captured black bears in the La Poile (10,916 km2), Middle Ridge (13,243
km2), and Northern Peninsula (5,391 km2) study areas, Newfoundland, Canada, 20082012.
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Figure 3.2. Global Positioning System (GPS) locations of black bears that did (white
circles; visitors) and did not visit (grey circles; non-visitors) caribou calving grounds
(black outlines) in the range of the La Poile, Middle Ridge, Northern Peninsula, and St.
Anthony caribou herds, Newfoundland, Canada, 20 May-30 June 2008-2013. Note that
female caribou from the Middle Ridge herd calved in two separate calving grounds
(Middle Ridge North, Middle Ridge South).
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Figure 3.3. Estimated mean ± standard error proportion of available local (30 m2)
landcover in the range of black bears that did (visitors) and did not visit (non-visitors)
calving grounds in the range of the La Poile (LP), Middle Ridge (MR, MRN, MRS),
Northern Peninsula (NP), and St. Anthony (NP) caribou herds, Newfoundland, Canada.
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Figure 3.4. Estimated beta-coefficients ± 95% confidence intervals for (a) local-scale
landcover (30 m2), (b) landscape-scale landcover (5-km radius), (c) topography, and (d)
proximity variables from the mixed-effects resource selection functions estimating the
relative probability of selection by black bears that did (visitors) and did not visit (nonvisitors) caribou calving grounds in the range of the La Poile (LP), Middle Ridge (MRN,
MRS, MR), Northern Peninsula (NP), and St. Anthony (NP) herds, Newfoundland,
Canada. Confidence intervals that overlap 0 indicate a level of use that is proportional to
availability.
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CHAPTER 4
CONCLUSION
Although black bears (Ursus americanus) are among the most studied mammals
in the world, relatively little is known about the ecology of the species in Newfoundland
(Marshall et al. 2011). The island represents a relatively unique environment for black
bears, with large expanses of open landcover, and abundant, but spatially dispersed food
resources (Mahoney et al. 2001). Based on skull characteristics, the Newfoundland black
bear was classified as a separate subspecies in the 1950s (Ursus americanus hamiltoni;
Cameron 1956), and past research has indicated that bears on the island are larger in body
size and more carnivorous than elsewhere in their geographic range (Day 1997, Mahoney
et al. 2001). This dissertation represents the first detailed examination of the spatial
ecology of black bears in Newfoundland, and provides novel insights about their
movements and predator-prey interactions with caribou.
Den abandonment by bears has been used as an indicator of anthropogenic
disturbance with potential population consequences (Swenson et al. 1997). Without
accurate baseline knowledge of the natural rate of abandonment in bear populations,
however, it may be difficult to assess the impact of human disturbance and climate
change on hibernating bears. We examined the influence of climatic conditions (rainfall)
and anthropogenic disturbance on the rate of den abandonment for black bears in
Newfoundland, a population with an unusually high rate of abandonment given its
northern latitude. We found no evidence that rainfall or anthropogenic disturbance
(researcher-, forestry-related, or recreational) played a role in den abandonment. Thus,
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our results may provide preliminary background rates of den abandonment for a northern
and relatively remote ecosystem, with which to assess future change.
In the last 20 years, caribou (Rangifer tarandus) in Newfoundland have declined
from ~94,000 to ~32,000 individuals, with calf predation by black bears identified as a
major proximate mechanism of the decline (Bastille-Rousseau et al. 2016, Mahoney et al.
2016). To develop a comprehensive understanding of predation, and thus of ecosystem
functioning, it is necessary to examine the spatiotemporal dynamics of predator-prey
interactions. We assessed the complex decisions predators make when searching for prey
by integrating models of caribou calf survival, spatially and temporally dynamic resource
distributions, and resource selection functions (RSFs) of black bears during calving. We
investigated the influence of landscape heterogeneity on calf vulnerability, evaluated if
bears actively hunted calves, and assessed the impact of changes in the abundance and
vulnerability of calves on the foraging strategy of bears. Calves were most vulnerable to
bear predation at higher elevations and in areas with greater proportions of stunted
conifer forest or water. Bear predation was the dominant source of calf mortality, with
bears killing 24% of the calving cohort by 30 June (~1,300 calves; 27 calves/bear).
During the first 3 weeks of the calving season, daily kill rates varied positively and
linearly with calf abundance in a type-I functional response. As calf vulnerability
declined, however, kill rates dissociated from abundance, illustrating potential
shortcomings of modeling predator-prey dynamics with the functional response. Bears
exhibited the strongest selection for areas where they were more likely to kill calves (kill
sites) or encounter female caribou, which suggested they were actively hunting calves.
Further, the availability of calves appeared to influence the foraging strategy of bears;
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when bears were killing more calves their selection for kill sites increased, whereas their
selection for ants (Camponotus spp., Formica spp.), and female caribou decreased. These
findings suggest that bears were altering their foraging strategy based upon the efficiency
with which they could catch calves and they highlight the influence that predation
phenology may have on predator space use. To our knowledge, our research is the first to
demonstrate that landscape heterogeneity mediates vulnerability of ungulate calves to
predation. Our integrative approach is also among the first to incorporate temporal
heterogeneity in the distribution of prey into RSF models. This work provides a
comprehensive understanding of black bear-caribou calf interactions for the largest
caribou herd on the island, which can be used to help inform management and
conservation planning.
Some black bears living within caribou herd ranges in Newfoundland visit calving
grounds (visitors), and thus have opportunities to prey on calves, whereas others do not
(non-visitors). We evaluated differences in resource selection patterns between 4 visitor
and 2 non-visitor populations. Visitors showed stronger selection than non-visitors for
local-scale landscape features associated with increased mortality risk for calves, but
selection patterns were not entirely consistent among visitors and non-visitors. At the
landscape-scale, most visitors displaying stronger selection than non-visitors for open
landscape features associated with an increased probability of encountering caribou
calves.
While short-term strategies of predator reduction may be necessary to ensure
caribou herd stabilization and recovery, effective long-term management will require a
thorough understanding of the spatial ecology of black bears and other calf predators.
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This dissertation attempts to address some of the knowledge gaps surrounding black bear
predation of caribou calves, but additional research is still needed. We do not yet know
what proportion of the visitor population regularly preys on caribou calves. Discovering
this is important for conservation of declining caribou herds in Newfoundland, and
cannot adequately be addressed by research conducted thus far. Identifying the most
effective and efficient management strategy is contingent upon whether a small number
of bears concentrate on caribou calves as opposed to an equivalent level of predation
among all bears encountering caribou calves during the calving season. In the future, we
intend to use stable isotope analyses to attempt to estimate the proportion of bears
participating in caribou calf predation in Newfoundland, and to examine variability in
foraging patterns among demographic classes, individuals, and study areas.
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APPENDIX S1
VEGETATION BIOMASS MODEL
We developed a dynamic spatiotemporal model of vegetation biomass for black
bears in the Middle Ridge North calving grounds of the Middle Ridge caribou herd in
Newfoundland based on the approach of Hebblewhite et al. (2008) and Bastille-Rousseau
et al. (2015). Our vegetation model combined two components: 1) a temporal model of
vegetation growth, and 2) a spatial model based on a series of Landsat 7 scenes with a
resolution of 30-m2. The Landsat 7 scenes were initially classified into 9 landcover types,
but we collapsed them into 6 types: 1) conifer forest, which subsumed 2 rare landcover
types (deciduous forest, mixed forest), 2) conifer scrub (stunted conifer forest), 3)
wetlands (fens and bogs), 4) barrens (barrens, rocky, and other open habitats), 5)
heathland (lichen and heathland habitats), and 6) water. We did not consider
anthropogenic disturbance, an extremely rare landcover type, in our analyses.
We recorded changes in vegetation biomass over the growing season in the
Middle Ridge North caribou calving grounds by repeatedly sampling 46 permanent plots
distributed among the 5 terrestrial landcover types on a mostly bi-weekly schedule from
May-August 2011-2012. Each permanent plot contained 8, 1-m2 quadrats; during each
sampling period, we recorded the green vegetation abundance of graminoids and forbs
(percent cover) in these quadrats. We averaged the percent cover of each vegetation type
across the 8 quadrats for each plot and sampling occasion.
In 2012, we sampled 173 temporary plots distributed among the 5 terrestrial
landcover types during the peak biomass period (July) to capture variation in peak
vegetation biomass. We used the same sampling approach for the temporary plots that we
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employed for the permanent plots, except that we only sampled 6 quadrats in each
temporary plot. We estimated the biomass of each vegetation type in 1 quadrat from 17
temporary plots (8 forbs, 9 graminoids) by clipping all green graminoids and forbs in
each quadrat, drying the clipped vegetation for 48 h at 60°C, and weighing the dried
vegetation. We then built linear regression models without intercepts to estimate the
relationship between the observed percent cover and dry biomass for each vegetation
class (Table S1.1). We then used these equations to calculate an average vegetation
biomass relative index for each landcover type in our 173 temporary plots (Table S1.2).
To predict vegetation growth across the Middle Ridge North caribou calving
grounds, we used the normalized-difference vegetation index (NDVI), a measure of
primary productivity (Pettorelli et al. 2005). We obtained 250-m resolution, 16-d interval
composite satellite images of NDVI from the MODIS Terra satellite (Huete et al. 2002),
and extracted NDVI values for each permanent plot. To correct for NDVI errors induced
by atmospheric contamination, we performed iterative interpolation data reconstruction
following Julien & Sobrino (2010). Within every annual time-series, for each pixel on a
given day, we computed an alternative NDVI value as the mean between the immediately
preceding and the following NDVI value. We then identified NDVI errors when the
alternative NDVI value differed from the original NDVI value by ≥ 0.02 units. We
corrected these errors using an iterative process. First, we identified the date of maximum
difference between the original and the alternative NDVI values, and for all pixels on that
day, we replaced the observed value with the alternative value. Next, we calculated a new
time series of alternative NDVI values from the modified time series, corrected errors on
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the date of maximum difference between these two time series, and iterated the process
until we detected no more errors (see Julien & Sobrino 2010 for further details).
To evaluate whether NDVI could predict vegetation growth in the 5 terrestrial
landcover types we used linear mixed-effects models (LMEs) to estimate the relationship
between changes in biomass and NDVI values in the permanent plots across the growing
season in each landcover type (Table S1.3). For LMEs, we used restricted maximum
likelihood (REML) to estimate fixed effects parameters, Satterthwaite approximations
(Satterthwaite 1946) to calculate P-values, and plot-year as the random effect. We
estimated the variance explained by the models using marginal and conditional R2 values
as defined by Nakagawa & Schielzeth (2013), where marginal R2 is the proportion of the
variance explained by the fixed effects and conditional R2 is the proportion of the
variance explained by both the fixed and random effects. Because vegetation growth was
well predicted by changes in NDVI in all landcover types (Table S1.3), we combined our
spatial and temporal models of vegetation to estimate biomass (BiT ) for a 30-m2 pixel, i,
in landcover type, L, for each 16-d interval, T as:
BiT = BLi × (αL ×

NDVITi
NDVImaxi

+ γL )

(1)

where BLi was the modeled biomass at peak season in cell i of landcover L, αL , and γL
were the per landcover estimated rate of change between NDVI and vegetation biomass,
and the intercept, respectively, derived from the linear mixed-effects models for a
specific 30-m2 landcover type, NDVITi was the NDVI value for a 250-m resolution
MODIS pixel encompassing the site pixel i for the 16-d time period T, and NDVImaxi was
the maximum NDVI value observed for that pixel during the growing season. When
predicted biomass was <0, we set it to 0 (Hebblewhite et al. 2008). We assigned water
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landcover a biomass value of 0. We conducted all analyses in program R version 3.0.2 (R
Development Core Team 2013), using lme4 to calculate LMEs.
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Tables
Table S1.1. Coefficients (β), standard errors (SE), P-values, and coefficients of
determination (R2) for the linear regression models estimating the relationship between
observed percent cover and dry biomass (g/m2) for forbs and graminoids in 17 plots (8
forbs, 9 graminoids), Middle Ridge North caribou calving grounds, Newfoundland,
Canada, July 2012.
β

P-value

R2

1.165 0.116

<0.001

0.935

Graminoids 2.374 0.355

<0.001

0.848

Model
Forbs

SE
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Table S1.2. Number of plots in each terrestrial landcover type with estimates of average
biomass (g/m2) derived from the linear regression models estimating the relationship
between observed percent cover and biomass. The relative index was calculated by
dividing each biomass value by the maximum biomass value (barrens landcover).
Landcover

Plots Biomass Relative Index

Conifer forest

18

7.451

0.189

Conifer scrub

14

14.055

0.357

Heathland

21

22.887

0.581

Barrens

13

39.362

1.000

Wetlands

107

15.389

0.391
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Table S1.3. Coefficients (β), standard errors (SE), P-values, and marginal and conditional
R2 (marg., cond. R2 ) for the linear mixed effects models (LMEs) estimating the
relationship between vegetation biomass (g/m2) and Terra NDVI values in the permanent
plots across the growing season in each terrestrial landcover type, Middle Ridge North
caribou calving grounds, Newfoundland, Canada, May-August 2011-2012.
Model
(plots, plot-years, sampling
occasions)
Conifer forest (2, 4, 16)

Conifer scrub (5, 10, 44)

Heathland (7, 14, 61)

Barrens (4, 7, 31)

Wetlands (27, 48, 200)

Variable

β

SE

P-value Marg., cond. R2

Intercept -3.87 1.29

<0.01

NDVI

4.76 1.36

<0.01

Intercept -2.84 0.36

<0.01

NDVI

3.78 0.39

<0.01

Intercept -2.48 0.31

<0.01

NDVI

3.45 0.34

<0.01

Intercept -2.90 0.34

<0.01

NDVI

3.84 0.37

<0.01

Intercept -2.68 0.17

<0.01

NDVI

<0.01
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3.61 0.18

0.45, 0.45

0.66, 0.72

0.59, 0.69

0.71, 0.81

0.61, 0.73

APPENDIX S2
AVAILABILITY OF CARIBOU CALVES (PREDATION PHENOLOGY)
From a black bear’s perspective the availability of caribou calves is a function of
both the abundance of calves and their vulnerability to bear predation. We developed an
approach to calculate the average daily number of calves killed by bears from the Middle
Ridge North calving grounds of the Middle Ridge caribou herd in Newfoundland. This
integrated metric of predation phenology incorporated changes in the abundance and
vulnerability of caribou calves throughout the calving season. First, we estimated causespecific mortality rates for collared caribou calves in a competing risks framework using
a nonparametric cumulative incidence function (CIF; Heisey & Patterson 2006), with
mortality causes classified as black bear, coyote, or other. Values derived from CIFs are
analogous to the cumulative probability of being killed by a specific cause. We used a
right-censored design with time-at-risk (days) based on time since capture (Fieberg &
Delgiudice 2009). We conservatively assumed that survival timelines corresponded with
age because we captured most calves when they were ≤2.5 days old, but we recognize
that this assumption likely biased our estimates of neonatal survival upward (Gilbert et al.
2014). We censored all calves at 180 days or prior to that if their radio transmitter was
lost or detached prematurely.
Next, we estimated the average number of caribou calves born in the Middle
Ridge North calving grounds (C) from 2003-2013 as:
C=

∑2013
y=2003 Ny ×MRN × Fy × Py

(1)

2013 − 2003

where y= referred to the years 2003 through 2013, Ny was the population estimate of the
herd, MRN was the estimated proportion of the herd that calved in Middle Ridge North
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(0.95; Fifield et al. 2013), Fy was the estimated proportion of adult females in the herd,
and Py was the estimated productivity of the herd. We estimated demographic parameters
from mark-resight (Ny) and classification (Fy, Py) aerial surveys (Government of
Newfoundland and Labrador, unpublished data). We used a pooled average rather than
annual estimates of the number of calves born because sample sizes were insufficient to
calculate annual estimates elsewhere. We then calculated the daily number of causespecific kills (Kt,j) for ordinal day t and cause j as:
n

∑(C × Bi × (CIFt−(i−1),j − CIFt−i,j ))

n ≤ t

i=1
t

K t,j =

(2)

∑(C × Bi × (CIFt−(i−1),j − CIFt−i,j ))
{ i=1

n > t

where i= referred to ordinal days 1 through n for the dates of calving, C was the average
number of caribou calves born in Middle Ridge North (eqn 1), Bi was the estimated
proportion of calves born on ordinal day i, and CIF was the CIF value for day t − (i − 1)
or t − i and cause=j. We calculated Bi by dividing previous estimates of the proportion of
calves born during two-day periods in half (Table S2.1; see Table 3 in Bergerud 1975).
Although our source for the timing of calving was dated, anecdotal evidence (timing of
observations of first-born and last-born calves of the year, field estimates of the peak of
calving) from 2003-2013 suggested no appreciable change in timing. We calculated the
daily cumulative number of calves killed by each cause (CKt,j) as:
n

∑(C × Bi × CIFt−(i−1),j )
CK t,j =

n ≤ t

i=1
t

∑(C × Bi × CIFt−(i−1),j )
{ i=1

(3)
n > t

and the daily number of calves that remained alive (At) as:
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3

n

∑ (C × Bi − ∑ CK t,j )
At =

i=1

j=1

t

3

n ≤ t
(4)

∑ (C × Bi − ∑ CK t,j )
{ i=1

n > t

j=1

We estimated the daily per capita rate of caribou calf predation by black bears
(DKRt) during the calving season as:
DKR t =

K t,b
MCP
100 ×D

(5)

where Kt,b was the daily number of bear kills for ordinal day t (eqn 2), MCP was the area
(km2) of a 100% minimum convex polygon encompassing the locations of kill sites
during the calving season, and D was the estimated average density (bears/100 km2) of
bears in Middle Ridge North from 2009-2012 (M. Mumma, unpublished data). We
estimated the per capita rate of caribou calf predation by black bears (KR181,b) to 30 June
as:
KR181,b =

CK181,b
MCP
100 ×D

(6)

where CK181,b was the cumulative number of calves killed by bears on the last day of the
calving season (30 June; eqn 3), MCP was the area (km2) of a 100% minimum convex
polygon encompassing the locations of kill sites during the calving season, and D was the
estimated average density (bears/100 km2) of bears in Middle Ridge North from 20092012 (M. Mumma, unpublished data).
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Tables
Table S2.1. The estimated proportion of caribou calves born (proportion) and the number
of caribou calves born each day (total = 5,524 calves) in the Middle Ridge North calving
grounds, Newfoundland, Canada, 2003-2013.
Date

Proportion Calves born

20-May

0.001

8

21-May

0.001

8

22-May

0.006

32

23-May

0.006

32

24-May

0.033

182

25-May

0.033

182

26-May

0.073

404

27-May

0.073

404

28-May

0.113

625

29-May

0.113

625

30-May

0.047

261

31-May

0.047

261

1-Jun

0.066

364

2-Jun

0.066

364

3-Jun

0.040

222

4-Jun

0.040

222

5-Jun

0.060

332

6-Jun

0.060

332

7-Jun

0.036

198

8-Jun

0.036

198

9-Jun

0.007

40

10-Jun

0.007

40

11-Jun

0.011

63

12-Jun

0.011

63

13-Jun

0.006

32

14-Jun

0.006

32
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APPENDIX S3
TABLES AND FIGURES
Table S3.1. Relative abundance indices of vegetation biomass (g/m2) and ant colonies by
landcover type. The relative abundance indices were calculated by dividing each biomass
or colony value by the maximum biomass or colony value.

Cover

Vegetation

Ants

Plots Biomass Relative Index

Plots Colonies Relative Index

Conifer forest

18

7.451

0.189

16

0.125

0.047

Conifer scrub

14

14.055

0.357

12

2.667

1.000

Heathland

21

22.887

0.581

18

1.889

0.708

Barrens

13

39.362

1.000

12

2.333

0.875

Wetlands
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15.389

0.391

82

0.561

0.210
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Table S3.2. Ranked list of candidate models for resource selection functions estimating
the relative probability of occurrence of adult female caribou from the Middle Ridge
North calving grounds of the Middle Ridge herd, Newfoundland, Canada, 27 May-30
June 2009-2013. Numbers of parameters (K), second-order Akaike information criteria
(AICc), differences in AICc (∆AICc), and AICc weights (ω) are presented.
Models

K

AICc

∆AICc

ω

Landcover* + Functional response† + Aspect 17 126530.8
Landcover + Functional response
13 126578.4

0.0

1.0

47.6

0.0

Landcover + Functional response + Slope

14 126580.9

50.1

0.0

Landcover + Slope + Aspect

12 127252.4

721.6

0.0

Landcover + Aspect

11 127252.5

721.7

0.0

Landcover + Slope

8

794.1

0.0

127324.9

Landcover
7 127327.8 797.0 0.0
*
Conifer forest, conifer scrub, heathland, barrens, and water landcover types.
†
Proportion of conifer forest, conifer scrub, and heathland landcover types within a 5-km
radius and an interaction term between a specific landcover type and its proportion.

110

Table S3.3. Coefficients (β), standard errors (SE), 95% confidence intervals (CI), and the
variance estimate of the random intercept from the most parsimonious mixed-effects
resource selection function estimating the relative probability of occurrence of adult
female caribou from the Middle Ridge North calving grounds of the Middle Ridge herd,
Newfoundland, Canada, 27 May-30 June 2009-2013.
β

SE

95% CI

Conifer forest

-0.546

0.056

-0.656 -0.436

Conifer scrub

-0.628

0.048

-0.723 -0.534

Heathland

0.616

0.057

0.504

0.728

Barrens

1.180

0.037

1.108

1.252

-0.680

0.022

3.032

0.163

-0.677

0.119

Heathland (5 km)

0.819

0.214

0.399

1.239

South

0.010

0.026

-0.041

0.060

East

0.010

0.025

-0.040

0.060

West

0.140

0.024

0.092

0.188

Flat

0.059

0.024

0.013

0.106

Conifer forest × Conifer forest (5 km)

2.910

0.308

2.306

3.514

Conifer scrub × Conifer scrub (5 km)

1.808

0.205

1.405

2.210

-2.034

0.418

Variable

Water
Conifer forest (5 km)

*

Conifer scrub (5 km)

Heathland × Heathland (5 km)
Random effect
*
Landcover within a 5-km radius.

Variance: 0.025
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-0.722 -0.638
2.712

3.352

-0.909 -0.444

-2.853 -1.215

Table S3.4. Ranked list of candidate models for resource selection functions estimating
the relative probability of occurrence of kill sites of caribou calves from the Middle
Ridge North calving grounds of the Middle Ridge herd killed by black bears,
Newfoundland, Canada, 27 May-30 June 2003-2013. Numbers of parameters (K),
second-order Akaike information criteria (AICc), differences in AICc (∆AICc), and AICc
weights (ω) are presented.
Models

K

AICc ∆AICc

Local-scale (100 m)* + Landscape-scale† + Elevation 11 757.1
‡

ω

0.0

0.98

Local-scale (500 m) + Elevation

7

766.7

9.6

0.01

Local-scale (250 m)§ + Landscape-scale + Elevation

10 766.8

9.7

0.01

Local-scale (100 m) + Elevation

7

768.0

10.9

0.00

Local-scale (500 m) + Landscape-scale + Elevation

11 769.0

12.0

0.00

Local-scale (250 m) + Elevation

6

771.8

14.7

0.00

Local-scale (500 m)

6

772.7

15.6

0.00

Local-scale (500 m) + Landscape-scale

10 772.8

15.7

0.00

Local-scale (100 m) + Landscape-scale

10 773.9

16.8

0.00

Local-scale (250 m) + Landscape-scale

9

778.3

21.2

0.00

Local-scale (250 m)

5

782.6

25.5

0.00

Local-scale (100 m)
6 783.6 26.5 0.00
*
Proportion of conifer forest, conifer scrub, barrens, water, and heathland landcover
types within a 100-m radius of the kill site.
†
Proportion of conifer forest, conifer scrub, barrens, and heathland landcover types
within a 5-km radius of the kill site.
‡
Proportion of conifer forest, conifer scrub, barrens, water, and heathland landcover
types within a 500-m radius of the kill site.
§
Proportion of conifer forest, conifer scrub, barrens, and heathland landcover types
within a 250-m radius of the kill site.
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Table S3.5. Coefficients (β), standard errors (SE), and 95% confidence intervals (CI)
from the most parsimonious resource selection function estimating the relative
probability of occurrence of mortality sites of caribou calves from the Middle Ridge
North calving grounds of the Middle Ridge herd killed by black bears, Newfoundland,
Canada, 27 May-30 June 2003-2013.
Variable

β

SE

95% CI

Conifer forest within 100 m -2.123

2.895

-7.796

3.551

Conifer scrub within 100 m

3.199

0.978

1.281

5.116

Heathland within 100 m

0.109

0.787

-1.433

1.651

Barrens within 100 m

0.864

0.852

-0.806

2.534

Water within 100 m

2.179

0.718

0.773

3.586

Conifer forest within 5 km

-1.382

4.935

-11.054

8.290

Conifer scrub within 5 km

-9.366

3.546

-16.316 -2.415

Heathland within 5 km

-2.784

3.757

-10.148

Barrens within 5 km

5.332

19.138 -32.178 42.842

Elevation

0.023

0.005
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0.013

4.579
0.033

Table S3.6. Estimated caribou population size, proportion of adult females, productivity,
and total calves born in the Middle Ridge North calving grounds, Newfoundland,
Canada, 2003-2013.
Year Population size Adult female Productivity Total calves
2003
14,264
0.70*
0.85
8,468
2004
12,286
0.71
0.84
7,356
2005
10,307
0.70
0.77
5,590
2006
8,329
0.76
0.78
4,933
2007
8,346
0.72
0.80
4,796
2008
8,362
0.77
0.87
5,630
2009
8,378
0.71
0.87
5,197
2010
8,392
0.66
0.85
4,700
2011
8,910
0.65
0.77
4,483
2012
9,428
0.66
0.75
4,694
†
2013
9,945
0.61
0.82
4,920
*
No data available. Average proportion of adult females from 2004-2013.
†
No data available. Average productivity from 2003-2012.
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Table S3.7. Ranked list of candidate models for resource selection functions estimating
the relative probability of occurrence of black bears that visited (visitors) and did not visit
(non-visitors) the Middle Ridge North caribou calving grounds during 27 May-30 June
2008-2013, Newfoundland, Canada. Numbers of parameters (K), second-order Akaike
information criteria (AICc), differences in AICc (∆AICc), and AICc weights (ω) are
presented.
∆AICc

ω

Vegetation* + Ants† + Females‡ + Kill sites§ + Daily Kills¶ 11 15185.7

0.0

1.0

Vegetation + Ants + Females + Kill sites

6

15255.5

69.8

0.0

Vegetation + Ants

4

15473.1

287.4

0.0

Ants

3

15511.0

325.3

0.0

Kill sites

3

15517.1

331.4

0.0

Females

3

15610.4

424.8

0.0

Vegetation

3

15653.5

467.8

0.0

Vegetation + Ants + Females + Kill sites

6

17639.0

0.0

1.0

Vegetation + Ants + Females + Kill sites + Daily Kills

11 17673.8

34.8

0.0

Females

3

17733.8

94.7

0.0

Vegetation + Ants

4

17776.6

137.5

0.0

Ants

3

17784.0

145.0

0.0

Kill sites

3

17811.7

172.6

0.0

Visitor models

K

AICc

Non-visitor models

Vegetation
3 17813.0 174.0 0.0
*
Relative abundance of vegetation biomass.
†
Relative abundance of ant colonies.
‡
Relative probability of occurrence of adult female caribou.
§
Relative probability of occurrence of kills sites of caribou calves killed by black bears.
¶
Daily number of caribou calves killed by black bears and two-way interactions between
distribution variables (vegetation, ants, females, kill sites) and daily kills.
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Table S3.8. Coefficients (β), standard errors (SE), 95% confidence intervals (CI), and the
variance estimate of the random intercept from the most parsimonious mixed-effects
resource selection function (RSF) estimating the relative probability of occurrence of
black bears that did not visit the Middle Ridge North caribou calving grounds (nonvisitors) during 27 May-30 June 2008-2013, Newfoundland, Canada. An RSF with the
same model structure for bears that did visit the calving grounds (visitors) is also
presented for comparison.

Model

β

Variable

Non-visitors Vegetation biomass*
Ant colonies

†

Female caribou
Kill sites

‡

§

Random effect
Visitors

Vegetation biomass

SE

-1.350

95% CI

0.168 -1.679 -1.020

0.556

0.056

0.447

0.664

2.717

0.234

2.259

3.176

-0.436 0.314 -1.053
Variance: 0.033

0.180

-1.421

0.166 -1.746 -1.097

Ant colonies

0.760

0.057

0.649

0.871

Female caribou

2.610

0.254

2.112

3.109

Kill sites

3.205 0.303 2.610 3.799
Random effect
Variance: 0.001
*
Relative abundance of vegetation biomass.
†
Relative abundance of ant colonies.
‡
Relative probability of occurrence of adult female caribou.
§
Relative probability of occurrence of kills sites of caribou calves killed by black bears.
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Table S3.9. Coefficients (β), standard errors (SE), 95% confidence intervals (CI), and the
variance estimate of the random intercept from the most parsimonious mixed-effects
resource selection function estimating the relative probability of occurrence of black
bears that visited the Middle Ridge North caribou calving grounds (visitors) during 27
May-30 June 2008-2013, Newfoundland, Canada.
β

Variable
Vegetation biomass*
Ant colonies

†

SE

95% CI

-1.401 0.275 -1.940 -0.862
1.104 0.101

0.907

1.301

Female caribou‡

4.820 0.417

4.004

5.637

Kill sites§

1.468 0.547

0.395

2.540

0.609 0.149

0.317

0.900

Vegetation biomass × Daily kills -0.769 0.622 -1.988

0.450

Daily kills

¶

Ant colonies × Daily kills

-0.698 0.203 -1.096 -0.299

Female caribou × Daily kills

-5.797 0.857 -7.476 -4.117

Kill sites × Daily kills

4.073 1.100

1.917

6.230

Random effect
Variance: 0.001
*
Relative abundance of vegetation biomass.
†
Relative abundance of ant colonies.
‡
Relative probability of occurrence of adult female caribou.
§
Relative probability of occurrence of kills sites of caribou calves killed by black bears.
¶
Daily number of caribou calves killed by black bears.
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Figures

Figure S3.1. Daily cumulative incidence of mortality from different causes estimated in a
competing risks framework using a cumulative incidence function to 180 days for 274
caribou calves from the Middle Ridge North calving grounds of the Middle Ridge herd,
Newfoundland, Canada, 2003-2013.
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